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Abstract
Search for host factors involved in attachment of Agrobacterium tumefaciens to plants.
By
Anna Petrovicheva

Advisor: Dr. Theodore R. Muth
Agrobacterium tumefaciens is able to infect a diverse array of plants and causes crown gall
disease. Typically these bacteria attach to plant roots and transform the plant cells to induce
tumors. The mechanism of this attachment in the infection process is not yet fully understood.
Using wild type Arabidopsis thaliana, Columbia-0, and several Arabidopsis mutant lines as a
binding target, we screened for A. thaliana mutants with altered adhesion.

The A. thaliana mutant lines were selected in The Arabidopsis Information Resource (TAIR)
according to possible location of the resulting protein and similarity to known transformation
mutants. Of these mutants nine showed a variation in attachment from the wild type, of which
two were known transformation mutants rat1 and rat3. Of these, the two were higher and seven
were lower. Two mutants showed a growth phenotype with one having more roots and the other
having wavy root hair growth, but both had wildtype attachment.

I also attempted to quantify the adhesion in these mutants using several approaches. However, I
was not able to find a quantitative method that correlated well with microscopic observations of
adhesion. Real-time PCR (qPCR) assay showed measurable differences between the mutants
lines and the wildtype, suggesting some effect of the mutation on the interaction of A. thaliana
and A. tumefaciens. Using this assay the level of bacterial attachment to the root surface can be
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indirectly measured. In the process of selecting this method several other approaches were
attempted. These included flow cytometry of bacterial cells and of cells bound to beads, 96-well
plate binding assay and the previously used plate colony counting. Mutants used in this study
were also evaluated for transformation efficiency. Most of the mutants had not been previously
tested for attachment or transformation. The attachment and transformation phenotypes provide a
better understanding of the gene that has been affected by these mutant Arabidopsis lines.

The affected gene sequence and the data available on that gene were used to analyze the
functional domains of the proteins showing an altered phenotype. There should be specific
results here, rather than generalizations. These showed that kinase, extensin and heat shock
protein domains were present in low attachment mutants and fasciclin, CDC48 and VirB2
domains were in high attachment mutants. The leucine-rich repeat (LRR) domains were strongly
represented in all of the attachment mutants.. The SALK_ 040891C and SALK_085076C
mutants that had high clumping but low attachment had heat shock, extensin and LRR domains.
The putative protein functional domains may give insight to the possible function of the gene in
both Arabidopsis and in possible interaction with A. tumefaciens. From these phenotypes, along
with bioinformatic analysis, we can analyze mutant plant lines that exhibit enhanced or inhibited
attachment. The combination of these methods may yield insight on the attachment mechanism
as well as the infection process as a whole.
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1. Introduction – Overview of crown gall disease

Agrobacterium tumefaciens- plant pathogen causing crown gall disease

Agrobacterium tumefaciens is a Gram negative, rod-shaped, flagellated soil bacterium that is a
member of the Rhizobiaceae family. It causes crown gall disease in dicot plants and some
species of monocots (Schroth et al., 1971; DeCleene and DeLey, 1976; Chilton et al., 1977;
Williams et al., 1993). Crown gall disease is a problem in agriculture, especially for fruit trees
such as cherries, apples, oranges, and grape vineyards as it lowers crop yield (Cavara, 1897; Burr
et al., 1998; Smith et al., 1907). A. tumefaciens detect and infect wounded plant cells, then
transform the plants by transferring DNA into the plant in the only example of transkingdom
DNA transfer in the natural environment. In wild type bacteria the transfer-DNA (T-DNA)
causes tumors in plants, but in laboratory use the T-DNA can be modified to deliver genes of
interest, such as genes that confer salt and drought tolerance (Tzfira T. and Citovsky V., 2002).

The Ti-plasmid (200 kbp) contains the genes that make it possible for Agrobacterium to infect
plants and metabolize opines as an energy source (Figure 1.1). Opines are low molecular weight
compounds, most of which are secondary amine derivatives, that few soil bacteria other than
specific biovars of agrobacteria are able to metabolize (Petit et al., 1970; Van Larebeke et al.,
1974; Dessaux et al., 1993). There are several different biovars and species of Agrobacterium;
different biovars will use different opines as a nutrient source, and different species of
Agrobacterium have different virulence targets. The C58 strain of Agrobacterium tumefaciens is
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one of the wild type tumor-causing strains in laboratory use. It induces the production of the
specific opine, nopaline, in plants (Matthysse et al., 1981). Genes, such as the ones for opine
synthesis, present in the T-DNA possess gene regulatory motifs required for expression in the
eukaryotic plant host (Barker et al., 1983) (Figure 1.2).

Agrobacterium is closely related to several pathogens in animals, such as several Brucella spp.
and Helicobacter pylori. These pathogens have a type IV Secretion System (T4SS) that transfers
virulence proteins into the host animal cells (Matthysse, 2006; Nester, 2000; Christie et al., 2013).

Figure 1.1: Tumor Inducing plasmid from Agrobacterium tumefaciens.

Figure 1.1 TI plasmid diagram showing the
T-DNA in red that gets cut out and transferred
into the plant cell and the vir region in green
that activates and drives the infection and
transformation processes. Tzfira and Citovsky
2006 Current Opinion in. Biotechnology.

(~200 kb)

The tumors, or “galls,” created by A. tumefaciens drain nutrients from the upper portions of the
plant, reducing both plant size and fruit production (Klein et al., 1955; Agrios, 1997; Aloni et al.,
1998). Ornamental trees and shrubs are similarly impacted. Galls can vary in size, depending on
the plant, from a few millimeters to several feet across, but do not kill the plant unless they grow
big enough to wholly disrupt the plant’s vascular system (Figure 1.3). Because they infect at
wound sites, tumorigenic bacteria can negatively affect graft take, as tumors developing at the
graft union prevents fusion of stock and scion tissues (Schroth et al., 1988). Most infections
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occur in the crown of the plant, which refers to the junction of the root and stem and anything
above the soil line. Infections mostly occur at soil level where the bacterium lives. The tumors
can move up above the soil line as the plant matures and grows. The infection induces new
meristem tissue at the root-stem junction.

The only way to control crown gall disease once established is to destroy and remove every part
of the infected plant. If it is possible, soil can be treated to kill bacteria, including A. tumefaciens.
Another treatment against Agrobacterium is to grow a crop that is not susceptible to crown gall
for several years (Agrios, 1997; Teviotdale et al., 1985). In addition, avirulent Agrobacterium
spp. such as A. radiobacter K84 can be used to block binding sites and protect against the
virulent strains (Furrand et al. 1990). The disarmed strains of A. tumefaciens are also useful in
biotechnology for genetically modifying plants.

A. tumefaciens can infect wound sites of most dicotyledonous and a restricted number of
monocotyledonous plants under certain laboratory conditions (Lee et al., 1995; Nadolska-Orczyk
et al., 2000). Under laboratory conditions it can infect almost any cell type, albeit at low
efficiency, (Peirs K.L. et al., 1996) including S. cerevisiae and HeLa human cell culture (Kunik
et al., 2000). Agrobacterium has a much larger host range than the closely-related nitrogen-fixing
rhizobia (Dazzo, 1976).

Mutations of A. tumefaciens have been produced that cause a deficiency or reduction in
attachment and transformation. Attachment is the first physical interaction of the bacterial cell
with the plant, and attachment mutations tend to affect the membrane glycoproteins and cellulose
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fibers, such as in the Cel mutations (Matthysse et al., 1981; 1983). Transformation is the
transient expression or permanent integration of T-DNA in the plant, and there are several
mutations of the Ti-plasmid genes that impede various steps of transfer and transformation.
Arabidopsis mutants resistant to Agrobacterium transformation (rat mutants) tend to have
mutations in membrane receptors, such as rat1 arabinogalactan protein (Nam et al., 1997), and in
the plant-based T-DNA integration mechanisms.

Figure 1.2: Progression sequence of crown gall disease infection.

Crown gall disease
Chemoattractants produced by
wounded plant cells triggers
chemotaxis of A. tumefaciens
to the wound site.

wounding

1
A. tumefaciens infects the
plant cells delivering bacterial
DNA and virulence proteins to
the targeted cells.

4
2

3
The plant cells synthesize
opines that are utilized by the
infecting bacteria.

The bacterial DNA codes for
plant growth factors that cause
the plant cells to multiply and
form an undifferentiated tumor.

The stages of crown gall infection beginning with chemotaxis to break site (1) with attachment
following (2). Attachment follows with injection of T-DNA though the T4SS and integration
occurs which results in the plant tumor formation (3). The transformed plant cells now
synthesize opines which the bacteria can use and attracts more A. tumefaciens to the locations (4).
Figure provided by Dr. T.R. Muth.
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Figure 1.3: Crown gall disease affecting a tree.
Possible crown gall tumor caused by A.
tumefaciens presenting on a Siberian elm
(Ulmus pumula) on the Brooklyn College
campus.

Agrobacterium cell wall

As a gram negative bacterium A. tumefaciens has a lipopolysaccharide coating on over the cell
membrane between which there is a periplasmic space. The coating is anchored to the membrane
with proteins that reach across this periplasmic layer. Any interaction with for the initial
adhesion would occur at the outer portion of the lipopolysaccharide layer and any extracellular
proteins attached to it. Following that interaction a signaling pathway would be needed to notify
the cell of the attachment occurring (Figure 1.4).

5

Figure 1.4: Agrobacterium cell wall

Agrobacterium tumefaciens is a Gram negative bacterium and has the typical cell wall shown in
the model above. This has two membranes with a thin layer of peptidoglycan between them.
There is a coating of lipopolysaccharides attached to the outer membrane. These are likely the
first interaction molecules in bacterial attachment to the host. Open source model by Jeff Dahl.

Adhesins on the cell wall

In the A. tumefaciens cell initial adhesion would occur through the lipopolysaccharides or
glycoproteins that are attached to the outer membrane of the cell wall. There are two stages to
attachment, reversible transient and permanent attachment (van Loosdrecht et al., 1990a,b;).
Surface contact of the bacteria to the plant stimulates adhesive polysaccharides, this fast adhesin
stimulation and attachment can help the pathogen preempt host cell defense activation (Guangli
et al., 2012) (Figure 1.5). Pili help facilitate transient attachment while exopolysaccharides act in
the transition from transient to permanent attachment (Karatan and Watnick, 2009). The exact
mechanism of this is not known.

The exoR is a regulator involved in host interaction pathways. It is involved in the
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exopolysaccharide succinoglycan (SSG) production and a mutation in exoR reduces these. In A.
tumefaciens, exoR mutation affects both SSG and motility, in addition this mutant fails to form
biofilms but still causes some transformation (Tomlinson et al., 2010). In Sinorhizobium meliloti,
a relative of A. tumefaciens mutations in exoR cause a reduction of nodule formation (Reed et al.,
1991; Leigh et al., 1985). Under acidic conditions ChvG-ChvI two component system activates
virulence in A. tumefaciens and these control the activation of the type 6 secretion system (T6SS)
(Mantis and Winans, 1993; Charles and Nester, 1993). ExoR repressed ChvG under neutral
conditions but allows activation in acidic conditions (Lu et al., 2012; Wu et al., 2012).

A. tumefaciens has a homologous locus to the Aggregatibacter actinomycetemcomitans tight
adhesion (tad) locus, which functions in producing a pilus that forms a strong attachment to the
host cell. In A. tumefaciens this locus in involved in T4SS pili formation (Wood et al., 2001;
Tomich et al., 2007). These pili can be formed from any part of the cell surface (Aguilar et al.,
2010, 2011; Cameron et al., 2012). Polar attachment is at least in part controlled by the unipolar
polysaccharide (UPP) that is active on the poles of the cell during attachment and infection
process (Tomlinson and Fuqua, 2009; Xu et al., 2012; 2013). The UPP is rarely detected in free
living cells, but is frequently detected in cells attached to each other in rosettes or single cells
attached to a surface (Tomlinson and Fuqua, 2009) (Figure 1.6). There is no known relationship
between the tad locus and UPP.
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Figure 1.5: Reversible and irreversible attachment of free living bacteria.
Initial surface interactions are reversible and
may depend on physiochemical forces at the
interface of the surface with the host. After
these initial surface interactions the unipolar
polysaccharide (UPP) is secreted by the
bacterium at the point of contact. This
irreversible surface attachment establishes a
site for microcolony formation through
continued growth as seen in Figure 1.3
during tumor formation and opines synthesis.
During and following this period, cells
secrete matrix components, including
cellulose to form a biofilm. Dispersal from
the biofilm may be initiated by an internal
developmental cue or by an extracellular
factor, as well as through release of motile
daughter cells from attached mother cells.
Note that in this cartoon only the outer
membrane of the Gram-negative cell
envelope is depicted (Heindl et al. 2014).
Figure 1.6: A. tumefaciens attachment rosettes at break sites of A. thaliana roots.

SEM shows rosette formation in A. tumefaciens attachment to A. thaliana at break sites. This
rosette formation is caused and facilitated by the unipolar polysaccharide (UPP). Preparation was
done using the alcohol dehydration procedure followed by liquid carbon dioxide replacement to
try out the sample, which was then coated with gold. The image was observed using a Hitachi
TM -1000 table top Scanning microscope at 10,000x magnification.
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Attachment factors in Agrobacterium tumefaciens

Attachment of A. tumefaciens occurs in several stages. The first stage is primary attachment
through surface-associated sugars and adhesins on both the plant and bacteria (Girard and
Mourez, 2006) in which there are several factors involved. Adhesins are cell surface components
that facilitate attachment to cells and required to bring a receptor-like domain into close contact
with a ligand on the host cell’s surface and thus create a link between the plant and the bacterial
surface. Many predicted bacterial adhesins are large proteins ranging in size from 1,000 to
10,000 amino acids (Kline et al. 2009). The majority of bacterial outer membrane adhesins group
into fimbrial, strand-like, or non-fimbrial adhesins. Fimbrial adhesins are non-specific and are
one of the most numerous types of the adhesin on the outer membrane of the bacterial cells
(Gerlach and Hensel, 2007). They are likely to be involved in mediating a series of signaling
events that facilitate the infection process. Non-fimbrial adhesins form trimers on the surface of
the cell and are common in virulent bacteria such as Yersinia pestis and Bordetella, a pathogen
related to A. tumefaciens in infection homology. These structures can act as transporters (Koretke
et al., 2006). This is seen in the type 5 secretion system (T5SS), which is also present in A.
tumefaciens (Gerlach and Hensel, 2007). β-strand adhesins occur in bacterial pathogens and were
first identified in a plant pathogen Erwinia (Jenkins and Pickersgill, 2001; Yoder et al., 1993).
These are trimeric homodimers that recognize polysaccharides and lipopolysaccharides. The βstrand adhesins are autotransporters that are the main component of the T5SS (Weigele et al.,
2003). Many of the adhesins are redundant components of the various secretion systems in
Gram-negative bacteria (Kline et al., 2009). Other adhesins are structural components of the cells
and have adhesion as a secondary function, such as pili, polysaccharides and capsules (Chia et al.,
2009). Thus the cells that produce more extracellular polysaccharides and capsular elements are
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more likely to bind.

In adhesion, pili and flagella act like fibers, allowing the bacterial cell in contact with the host by
passing through the charge barrier (Marshall et al., 1973). The hydrophobic part of these
biological fibers interacts with hydrophobic sections on the host cell surface orienting the cell
interface. Surface polysaccharides aid in adhesion by anchoring the cells, before the attachment
is further progressed by the pilus. They create hydrophilic and hydrophobic areas of interaction
between cells, so the cell surface proteins and sugars are likely to be receptors for primary
attachment to the host (van Loosdrecht et al., 1989). A. tumefaciens pili participate in reversible
surface adhesion under the control of CTB locus (Wang et al, 2014).

Bacterial attachment occurs with a slight preference at the poles of the bacterial cells (Gelvin,
2000; Lippincott and Lippincott, 1969) but the attachment components can be found throughout
the cell perimeter (Aguilar et al., 2011) (Figure 1.7). The first phase of attachment is weak and
reversible (Matthysse and Kijne, 1998). The VirB complex proteins form the T-pilus at the
periplasm and cell wall for attaching to the plant cells in preparation for DNA transfer (Winans,
1992). VirB localizes to the poles during the attachment phase along with unipolar
polysaccharide (UPP) (Judd et al., 2005; Tomlinson and Fuqua, 2009). It is possible that other
attachment factors concentrate at the poles of the cells as well.

Adhesion factors involved in this binding are nonspecific plant lectin, a Ca2+ binding bacterial
protein (rhicadhesin), and bacterial surface polysaccharides (Lippincott and Lippincott, 1969;
Rodriguez-Navarro et al., 2007). The bacterial exoC gene is necessary for this process as it
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encodes the components for the production of extracellular polysaccharides (Robertson et al.,
1988). The Ca2+ dependent binding of plant rhicadhesin appears to be involved in attachment of
rhizobia, and possibly A. tumefaciens, to legume roots. Under low Ca2+ conditions, rhicadhesin is
released from the bacterial surface. Ca2+ appears to be involved in anchoring rhicadhesin to the
rhizobial cell surface (Smit et al., 1991). The gene for rhicadhesin has not been identified
(Rodrigues-Navarro et al., 2007). The putative rhicadhesin receptor is a Germin-like protein that
has been sequenced in Pisum sativum (garden pea) and Oryza sativa subsp. japonica (rice)
(UniProt). Rhizobiocins, a toxin that inhibits growth of other rhizobial species, show homology
to Ca2+-binding proteins.

Figure 1.7: SEM image of A. tumefaciens attachment to A. thaliana root hair.

Scanning electron microscopy image of
Agrobacterium tumefaciens C58 attached to
Arabidopsis thaliana Columbia-0. The
image shows both polar attachment that is
facilitated by UPP and attachment at the side
of the bacterial cell that is facilitated by
other attachment factors. Preparation was
done using the alcohol dehydration
procedure followed by liquid carbon dioxide
replacement to try out the sample, which
was then coated with gold. The image was
observed using a Hitachi TM -1000 table top
Scanning microscope at 10,000x
magnification.

Cyclic β-glucans are polysaccharides on A. tumefaciens, and all of the Rhizobeaceae family, that
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may play a role in attachment. They are usually located in the outer membrane areas of the cell
such as the periplasmic space and exocellular matrix around the cell wall in the form of
exopolysaccharides, lipopolysaccharides, and capsular polysaccharides (Beedveld and Miller,
1994; Rodriguez-Navarro et al., 2007). In both wounded plants and in tissue culture, bacterial
lipopolysaccharides inhibited the interaction between the bacterium and the plant cell surface.
This suggests that the bacterial receptor on the plant cell surface may recognize the
lipopolysaccharides on bacterial outer envelope (Matthysse et al., 1978; Whatley et al., 1976).
Avirulent strains of A. tumefaciens inhibit tumor formation caused by virulent strains by
blocking attachment sites for virulent cells (Lippincott and Lippincott, 1977). Attachment of A.
tumefaciens C58 to carrot cell suspension is dependent on the presence of cell-associated
acetylated bacterial polysaccharide (Reuhs et al., 1997). This polysaccharide contains glucose,
glucosamine, and deoxy-sugars and might be related to sinorhizobial acidic capsular
polysaccharides, which are structurally analogous to the group II K antigens of E. coli (Reuhs et
al., 1993).

The most likely elements to be involved in attachment are cell wall sugars and glycoprotein, as
shown with E. coli FimH fimbrial adhesin, which binds to lectin and mannose-oligosaccharides
(Soto and Hultgren, 1999; Kline et al., 2009). Experiments using labeled pea lectin showed that
glucomannan polysaccharide is only located at the bacterial pole, where bacteria typically attach
to the plant cell surface (Laus et al., 2006).

Two possible mechanisms of primary attachment were proposed: one is mediated by rhicadhesin,
the other by interaction of bacterial glucomannan and plant lectins. This model predicts which
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one of the two mechanisms will operate for bacterial attachment to the plant at acidic and
alkaline conditions. Under slightly alkaline conditions, lectins located in the root-hair tips are
released into the rhizosphere medium as a result of their increased solubility. In these
circumstances bacterial attachment would be carried out through a rhicadhesin-mediated
mechanism. Under acidic conditions, lectins would not become soluble and would be retained at
the root-hair tip while rhicadhesin would be released from the bacterial surface. Consequently,
under acidic conditions bacteria would use the lectin-glucomannan-mediated mechanism to
attach to the plant (Rodrigues-Navarro et al., 2007).

There are three transposon mutants of A. tumefaciens strain C58 which are unable to attach to
plant cells and therefore are avirulent (Matthysse, 1987). These mutants were created by putting
insertions within the A. tumefaciens chromosome, which does not contain or affect the vir genes
located on the Ti plasmid. The avirulent strains produced by these contained transposon
insertions that disrupted genes involved in producing lipopolysaccharides (Metts et al., 1991).

The chromosomal genes in A. tumefaciens that are known to be part of the attachment
mechanism are chv, cel, att and vir genes. ChvB controls the synthesis of β-1,2- glucan while
chvA controls its export to the cell membrane. ChvB mutation affects bacterial motility, among
other defects, and mutants have reduced attachment and transformation (Nester, 2000;
Rodrigues-Navarro et al., 2007). ChvA and chvB function in the chemotaxis signal pathway and
thus affect adhesion by lowering the ability of the bacteria to get to the location of attachment
and virulence (Wirawan et al., 1993; Swart, et al., 1994). ChvE codes for a glucose-galactose
periplasmic binding protein that binds to the monosaccharides that are found in the plant cell
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wall. A mutation in chvE results in an organism that is defective in the uptake of
monosaccharides, is unable to chemotax toward these sugars and so has reduced virulence
(Nester, 2000). Mutations like this cause very noticeable attachment deficiencies and will also
affect cell viability through changes in motility or other processes that affect the life cycle. These
mutations could be in the attachment pathway or folding proteins that function in more than one
pathway.

Matthysse et al. identified a region of the bacterial chromosome (att) containing a number of
genes required for attachment to host cells and for virulence (1996, 2000). These mutants were
compared with the wild-type bacteria and were found to have more than a 10,000-fold reduction
in the ability to colonize roots of tomato (Matthysse, 2001). AttR mutants lack the acetylated
capsular polysaccharide found in the wild-type strain (Reuhs et al., 1997), and preparations of
this polysaccharide were able to block the binding of wild-type bacteria to carrot suspension
culture cells (Matthysse et al., 2001). The purified capsular polysaccharide inhibited binding of A.
tumefaciens to A. thaliana, but not to alfalfa root hairs. This suggests that attachment in alfalfa
may be mediated by different factors (Matthysse et al., 2001). By extension, the data suggests
there are more than two attachment factors functioning in adhesion: one set for leguminous
plants that have a mutualistic relationship with nitrogen binding species of the Rhizobiaceae
family (Spaink et al., 1998), and one for other dicot plants.

The next stage of attachment is the formation of cellulose fibrils that anchor bacteria to the plant
cells and to each other (Matthysse, 1983). This causes a tight and irreversible binding of the
bacteria to roots that is dependent on cellulose production and export genes. As the fibrils grow
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longer, they entrap other bacteria and form large clusters on the plant cell surface (Matthysse et
al., 1981). The cellulose fibrils form at the sides of the bacteria (Brown et al., 1976). Cellulose
stabilizes the cells after the initial binding for more stable attachment. Some species of
Rhizobium have also been shown to synthesize cellulose fibrils that could be involved in the
subsequent tighter binding of the bacteria to the root surface (Dazzo, 1980; Napoli et al., 1975).
A. tumefaciens genes required for cellulose synthesis (cel) are located on the bacterial
chromosome near other genes involved in attachment (att). Tumor induction by cellulose-minus
mutants requires the use of very high bacterial populations, a clear indication that their virulence
capacity is attenuated (Matthysse, 1983). Cel mutants are able to produce tumors when
inoculated with high cell concentrations (Matthysse and McMahan, 1998). Mutants with high
cellulose production show a high aggregation tendency and grow in clumps. These mutants had
lower virulence in liquid culture because of this (Matthysse, 1983). To test attachment at this
stage, the plants need to be separated from the bacterial cell by stronger forces such as using
cellulase or by grinding up the tissue to which the bacteria is attached, as was done in the
Matthysse experiments.

A. tumefaciens attachment genes are arranged in two segments based on studies by Matthysse et
al. There are the attA1-attE, which have homology to an ABC transport system (Matthysse,
1987), and attR that has homology to acetyl transferases (Reuhs et al., 1997). AttD mutants can
be complemented to an attaching and virulent phenotype by adding conditioned medium
produced by incubating wild-type bacteria with carrot cells or aseptic tomato root segments
followed by filter sterilization of the medium to remove both plant cells and bacteria (Matthysse,
1987). AttA mutants were also complemented by conditioned medium. This complementation
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suggests that the attA1 –attG genes are involved in signaling between the plant and bacteria
(Matthysse et al., 2000). AttJ and attO have homology to transcriptional regulators, and might act
in attachment pathway control. Other genes in this region encode enzymes; some may be
involved with attR in the biosynthesis of the acetylated capsular polysaccharide, a cell wall sugar
(Matthysse et al, 2000).

Agrobacterium mutants of attB, attD, attR, and mutants of celA and celC, have reduced ability to
attach and have markedly reduced infection rates in A. thaliana and tomato roots (Matthysse et
al., 1998). However, attR was able to attach and interact with the epidermis of legume roots.
These mutants were able to colonize the roots of alfalfa and garden bean to about the same level
as the wild type. This shows that attR is not required for legume attachment. Matthysse et al.
suggest that in legumes there are two systems of attachment, one that involves attR and one that
is attR-independent. This agrees with the findings of Rodrigues et al., Matthysse et al. (2001),
and Rodrigues-Navarro et al. (2007), showing that there is a secondary system in legumes that is
not present in other dicots.

The attR-independent system of binding to legumes observed in A. tumefaciens might be related
to the binding system of rhizobia. This system for bacterial binding to legumes may have
evolved from a common ancestor of Agrobacterium and Rhizobium. AttR is possibly a homolog
of rhicadhesin. AttB is an ABC transporter and a membrane spanning protein. AttD has sequence
similarity to alpha-mannosidase and glycosyl hydrolase family of proteins but its function is
unknown (Matthysse et al., 2001). It could be in the attachment pathway as a signal or support
molecule.
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ChvG is a pH sensor protein, part of a chromosomal two-component system with ChvI. ChvG
encodes the putative sensor protein and chvI encodes an adjacent cognate response regulator
(Charles and Nester, 1993; Mantis and Winans, 1993). Mutations in either chvG or chvI
abolished tumor-forming ability, suggesting ChvG and ChvI are required for virulence (Li et al.,
2002). While this sensor is not likely to be directly involved in adhesion, it may be the trigger for
the adhesion response and vir gene activation.

VirA is a membrane-bound histidine sensor kinase that activates T-DNA transfer in cooperation
with VirG (Chang and Winans, 1992; Stachel et al., 1986a). The VirA periplasmic domain is
required for sensing monosaccharides through coupling with the sugar binding protein ChvE
(Banta et al., 1994; Cangelosi et al., 1990; Chang and Winans, 1992; Gao and Lynn, 2005),
while the VirA linker domain recognizes plant phenolic signals (Chang and Winans, 1992).

As components of the Type IV Secretion System (T4SS) pilus, VirB2 and VirB5 probably
function as adhesins that mediate host-cell targeting by binding to specific host receptors
(Backert et al., 2008). Specific recognition of host tissues by Gram-negative bacterial pathogens
often involves adhesive pili (Sauer et al., 2004). The T4SS-associated pili are structurally
different than these adhesive pili but the components of the pili share common features to the
adhesion pilus receptors (Backert et al., 2008). The VirB2 and VirB5 proteins are components of
the T4SS-determined T-pilus, which is the extracellular structure that is one of the initiators of
cell-cell contact with the plant target cells before the initiation of T-DNA transfer. VirB2 is the
major component of the pilus, VirB5 and its ortholog TraC are minor components (Lai and Kado,
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1998; Eisenbrandt et al., 1999; Lai et al., 2002; Schmidt-Eisenlohr et al., 1999a, 1999b). VirB5 is
located at the tip of the pilus (Aly and Baron, 2007; Backert et al., 2008), and its presence is
necessary for the incorporation of VirB2 proteins into pili (Lai and Kado, 1998; SchmidtEisenlohr et al., 1999a). The three related Arabidopsis thaliana proteins: BTI1, BTI2, and BTI3
interact with VirB2. Their functions are unknown but they were identified together with a
membrane-associated GTPase, AtRAB8 (Hwang and Gelvin, 2004; Backert et al., 2008). These
membrane-interacting proteins are likely to be involved in attachment or cell defense.

The majority of VirB5 orthologs have ~220 residues, acidic and contain an N-terminal signal
peptide sequences that target the protein to the periplasmic space (Yeo et al., 2003). Helicobacter
pylori CagL, an ortholog of VirB5, can bind host integrins (Kwok et al., 2007) and human
fibronectin (Backert et al., unpublished). This shows that VirB5 proteins in other T4SSs could
also be involved in protein-protein interactions with their host target cells.

Type IV secretion system DNA transfer

The infection process initiates when A. tumefaciens senses chemicals released from wounded
plant cells at damaged sites, which are found most often on the roots. These chemicals include
phenols, sugars and a lowered pH in the area near the tissue damage (Gelvin, 2000; Winans,
1992). A. tumefaciens will chemotax towards higher concentrations of these chemical signals
using flagella (Deakin et al., 1999). Agrobacterium virulence, and in part attachment, is
controlled primarily by Ti-plasmid encoded vir genes (Winans, 1992) and to a lesser degree by
chromosomal genes (chv – chromosomal virulence genes) (Veena et al., 2003).
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Induction of virulence genes occurs through a two-component regulatory system of the VirA and
VirG proteins (Lee et al., 1995; Jin et al., 1990; Stachel et al., 1986a). The VirA protein senses
plant signal molecules and transduces the signal by phosphate transfer to the VirG protein, which
is the response regulator (Chang et al., 1992). Monosaccharides first interact with the glucosegalactose binding protein, which in turn interacts with VirA protein as a primary attachment
factor. Glucose-galactose binding defective mutants illustrate the importance of monosaccharides
to vir gene induction (Lee et al., 1995). Many genes required for tumor formation are acid
inducible (Suksomtip et al., 2005; Winans, 1992). VirA will autophosphorylate in the presence
of acidic pH, then in turn phosphorylates VirG. VirG then binds to the vir box enhancer elements
and up-regulates transcription of the vir genes (Rossi et al., 1998). Thus attachment with this
system is higher in acidic conditions. It appears that the vir genes are dedicated solely to the
interaction of A. tumefaciens with its host plants, whereas the chv genes serve dual functions:
they operate in the absence of the plant hosts as well as during the interaction of Agrobacterium
with its hosts (Suksomtip et al., 2005).

For transfer, the T-DNA is processed from the T-plasmid and the type IV secretion system pilus
forms a channel for exporting the T-DNA (Stachel et al., 1986; Thompson et al., 1988; Ward et
al., 1988; Kuldau et al., 1990; Filichkin and Gelvin, 1993). It is then exported into the cytoplasm
of the plant cell. The T-DNA enters the cell in the single stranded form (Tinland et al., 1994;
Yusibov et al., 1994) coated with VirE2 (Citovsky et al., 1992).

Type IV secretion systems are found in plant and animal pathogens as well as symbiotic bacteria
(Lai et al., 2000). These secretion systems are ancestrally related to bacterial conjugation
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machines. They assemble as a translocation channel, often with a surface filament or protein
adhesion, at the envelopes of Gram-negative and Gram-positive bacteria (Cristie et al., 2005).
The A. tumefaciens VirB system is the best-characterized T4SS; it delivers both virulence
proteins and oncogenic T-DNA to plant hosts, resulting in crown gall disease (Zupan et al., 1998;
Kado, 2000; Cristie, 2001).

The T-DNA and the genes for the T-pilus are encoded on the Ti plasmid. The Ti plasmid is
nicked so the T-DNA that is to be transferred forms a linear strand. It is then surrounded by Vir
proteins coded by the plasmid, to protect it from degradation, and to help it move through the
pilus. VirE2 is a single-stranded DNA-binding protein that coats the T-strand and prevents
nucleolytic degradation during transfer through the plant cytoplasm to the nucleus (Binns, 2002;
Gelvin, 2000; Tzfira and Citovsky, 2002; Zupan et al., 2000).

Integration and manifestation of tumors

Once inside the cell, the T-DNA is shuttled towards the nuclear envelope, through the nuclear
pore and into the nucleus. The T-DNA is randomly integrated into the plant chromosomes at the
site of double strand DNA breaks without preference (Kim et al., 2007). Most measurements of
infections are dependent on this stage of the process; measurements of lowered attachment or
transfer may show different results.

Upon T-DNA integration, A. tumefaciens hijacks the cells’ growth cycles to produce tumors and
to force the cells to produce opines, which are low molecular weight compounds used as an
energy source by the bacterium. The tumors are triggered by an overproduction of the plant
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growth-regulating hormones auxins and cytokinins (Binns and Thomashow, 1988; Ream, 1989;
Gelvin, 1990, 1992; Hooykaas and Beijersbergen, 1994; Zupan and Zambryski, 1995). The
expression of T-DNA leads to the synthesis of plant growth regulators and results in uncontrolled
Figure 1.8: Agrobacterium transformation process.
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Transfor
mation of the plant with A. tumefaciens begins with (1) plant signals being detected by the
VirA/VirG which then activate the rest of the vir region on the Ti-plasmid (3). At the same time
(2) attachment to the plant occurs. The Vir proteins then cut the T-DNA out of the plasmid and
transcribe it for transport (4), everything between the T-DNA border regions gets transported
into the plant cell. This T-DNA is attached to VirD and coated with VirE2 as part of the transport
and defense against degradation. It is then transported along with the VirF chaperone proteins
through the VirB complex T4SS pilus into the plant cell (5). The VirE2 coating protects the TDNA from degradation as it is transported through the cytoplasm (6) and into the nucleus (7).
Once inside the nucleus it can begin to be transcribed and translated to start producing tumor
causing and opine producing agents as part of transient transformation (8). If there are break sites
then it will integrate into the plant genome (9) and produce a stable transformation (10). (Tzfira
and Citovsky, 2006)

plant cell division (Escobar et al., 2003; Ditt et al., 2005). These galls will continue to grow for
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the life of the plant. Once the galls are produced, opines released from the plant cells attract other
agrobacteria. Different Agrobacterium strains produce, and are attracted to, different opines.
These bacteria include ones that do not have the Ti-plasmid. They attach to the plant by inclusion
within a biofilm. The cells that have already attached and contain the T-DNA plasmid then
transfer the Ti-plasmid to new cells that have chemotaxed toward the site. This produces more
Ti-plasmid-containing peripheral cells. Eventually the tumor area becomes too crowded for the
bacteria to benefit from the nutrients of the particular gall. The cells then move into the soil until
there is a new trigger for the chemotaxis signal (Aloni et al., 2006). This transformation and
tumor formation usually occurs at soil level where the root and stem tissue meet. Most often this
occurs in young plants in early root formation. The tumor becomes visible above ground as the
plant stem grows.

Type IV secretion system in other organisms

The type IV secretion system (T4SS) is required for pathogenesis of several Gram-negative
bacteria besides A. tumefaciens, such as Brucella abortus, Bordetella pertussis, Legionalla
pneumophila, Coxiella burnetii, Neisseria gonorrhoeae, and Helicobacter pylori (Burns, 2003).
H. pylori and A. tumefaciens have the best-characterized T4SS. Much of the T4SS information in
other species is based on homology to the genes and proteins in these two species.

The T4SSes in N. gonorrhoeae, and H. pylori are used for DNA uptake and release from the
extracellular environment (Walden et al., 2010). All of these pathogens also use the T4SS to
transfer protein effectors to the host (Hamilton et al., 2005). Bordetella pertussis uses the T4SS
to transport the pertussis toxin into the host (Rambow-Larsen et al., 2007). It requires the T4SS
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for intracellular host invasion, which causes brucellosis disease and protects the bacterial cells
from immune cell attack (Grovel et al., 2002). Legionella pneumophila and Coxiella burnetii use
the Type IVB Secretion system (T4BSS) which causes an infection in the host by producing an
intracellular vacuole (Harding et al., 2013).

The T4SS is being studied for immune targeting in therapy and vaccines as it is necessary for
pathogenesis in these species. This is especially important for B. abortus treatment as this
organism can survive and replicate inside immune system cells such as macrophages (Paschos et
al., 2011).

Biotechnology and plant engineering

A. tumefaciens mediated transformation of plants is the preferred method of transgenic plant
production for its ease and biosafety. Transgenic plants produced this way could help produce
more food and crops for a growing population (Mehrota and Goyal, 2012). These plants would
be especially useful for the areas of the world where soil is not ideal for crop production, such as
drought prone areas and fields damaged by salt water flooding. A. tumefaciens transformation of
grain crops has already produced an increase in crop production (Mohammad and Abalaka,
2011). While monocot plants require more work to induce the transformation and transform at
lower efficiencies than dicot plants, it is still simpler than other methods (Sood and Sood, 2011).
Under specific lab conditions A. tumefaciens can also transform gymnosperms, fungi and even
human cells (Kunik et al., 2001; Gelvin, 2003).

In industry applications, A. tumefaciens transformation has been used in producing plants that
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can provide better raw materials for manufacturing. Fast growing vegetative plants can be
induced to produce more cellulose for paper production, or to reduce generation time in timber
plants (Thakur et al., 2001). Several plant species have been bioengineered to produce biofuels
and materials for biodegradable plastic production (Cherian and Oliviera, 2005; Gratão et al.,
2005).

In addition, plants have been engineered with this transformation method to produce higher
nutrient-density and disease-resistant crops (Kakkar and Verna, 2011; Strobel and Nahimas,
1985; Sattler et al., 2004). Crops such as the Bt cry toxin containing corn and soy have been on
the market for a while. These have a gene from Bacillus thuringiensis expressed in the vegetative
tissue. The toxin produced by Bt plants insects of the Lepidopteran and Coleopteran family
larvae (Hellmich et al. 2008). In addition nutritionally modified crops such as Golden rice are
being developed. This rice produces and stores β - carotene, vitamin A, it the grain kernels
(Figure 1.9). This is marketed to areas where vitamin A deficiencies are common and rice is the
staple food crop (Welch and Graham. 2004).

To produce these crops the T-DNA portion of the Ti-plasmid is modified to remove the tumor
causing and opine synthesis genes, these are then replaced by the genes of interest such as the β carotene production genes or marker genes such as GFP (Li et al., 2000) (Figure 1.10). This
transformation is usually done by the floral dip method where the flowering parts of the plant are
inoculated with A. tumefaciens containing the modified plasmid, then the seeds are selected
based on whether they contained the transformed genes (Clough and Bent, 1998). The other
method used in plant tissue culture cells which are grown in selective media after transformation
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and then grown into a whole plant using hormonal stimulation. This plant is then self-pollinated
to produce seeds for use (Gelvin, 2003).
Figure 1.9: Golden rice produced by A. tumefaciens transformation.
Golden rice developed by Ingo Patrykus and
Peter Beyer as part of a humanitarian effort
to reduce vitamin A deficiency in parts of
the world. The rice produces and stores βcarotene (Vitamin A) in the kernels. Image
from the International Rice Research
Institute in the Philippines where the rice
was field tested.

Figure 1.10: Use of T-DNA in transgenic applications.

T-DNA can be used for transformation of plant cells with genes of interest
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In the T-DNA everything between the border sequences will be transferred to the plant.
Anything between those sequences can be changed. In transgenic applications such as Golden
rice, the growth hormone genes and opine synthesis genes are substituted with genes required for
β -carotene production. In research common reporter genes such as GFP replace the tumor and
opine genes. These get transferred and integrated into the plant with a similar efficiency as the
unchanged T-DNA. Image provided by Dr. T.R. Muth.

Arabidopsis thaliana
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Arabidopsis thaliana is a small plant in the Brassicaceae (mustard and cabbage) family used as a
genetic model for plants. Arabidopsis thaliana is a good laboratory model because of its small
size, ease of propagation, fast generation time, and fully sequenced genome. Its small size makes
it convenient for lab work as it can be grown in sterile Petri dishes or hydroponically in a small
space. It produces many seeds and can be easily propagated due to self-pollination. Its genome
was fully sequenced in the year 2000. A mutant library of many of its genes is available (TAIR,
www.arabidopsis.org).

In our work, Arabidopsis roots are used as a binding target for Agrobacterium. Cut root segments
will be used in the attachment assay. The assay can be used to screen for mutants of both A.
tumefaciens and Arabidopsis plants. The availability of the Arabidopsis mutant library is useful
for this work.

Plant cell wall

Cell walls are the outer most structure of the plant cell with extracellular proteins and
carbohydrates linked to it. It is 0.1 to several µm in thickness. Plant cell walls are mostly
composed of polysacccahrides such as cellulose, hemicellulose, xylan, pectin and the phenolic
polymer lignin. Cellulose that is the main component of primary cell walls in plants (Nishiyama
et al, 2002). There are several types of hemicellulose present in cell walls depending on the plant
species and these are: xylan, glucoronoxylan, arabinoxylan, glucomannan, and xyloglucan.
Pectin is a structural polysaccharide in terrestrial plants and it helps hold plant cells together
(Gorshkova et al., 2013). Pectin uses Ca2+ dependent cross-linking mechanism, which is similar
to those suggested to function in rhicadhesin (Migliori et al., 2010). The lignin is a complex
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aromatic alcohol polymer that fills the spaces in the cell wall, especially found in the secondary
cell wall (Lebo et al., 2001). It covalently links with hemicellulose and crosslink’s with cell wall
polysaccharides, thereby strengthening the structure (Chabannes et al., 2001). It is highly
hydrophobic , which makes the cell wall less water permeable (Sarkanen and Ludwig, 1971)
(Figure 1.11). Some bacterial attachment proteins respond to plant lignin precursors (Stachel et
al., 1985; 1986).

The main proteins in the cells wall are hydroxyproline-rich glycoproteins, arabinogalactan
proteins, glycine-rich proteins and proline-rich proteins. All of these proteins have a highly
repetitive sequence and are glycoproteins. Most of them are cross linked in the cell wall. In
addition cell walls contain enzymes such as peroxidases which modify the crosslinks in the
polymers of the cell wall (Buchanan et al., 2000).

Figure 1.11: Plant cell wall structure.
Cell wall arrangement showing
cellulose, hemicellulose, and
pectin interaction.
Hemicellulose is shown to
interlink the cellulose
microfibrils together in a lattice
arrangement. Proteins can be
soluble in the cell wall and
functioning in signaling
pathways or insoluble and part
of the cell wall structure. Image
is open source.

Signaling in the cell wall occurs through serine/threonine kinase (RLK) family networks
(Bashline et al 2014). These include proline-rich extension-like receptor kinases and leucine-rich
(LRR) RLKs (Haffani et al. 2006; Bai et al., 2009; Bouwmeester and Grovers, 2009). These
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RLKs form homodimers and heterodimers to facilitate signaling and function in plant immune
response (Boller and Felix, 2009; Böhm et al., 2014; Han et al., 2014; Macho and Zipfel, 2014).
Pathogens are mostly recognized by proteins that have an LRR domain (Gomez-Gomez et al.,
2001).

Lectins are proteins that have a glycan binding domain so that they can interact with
glycoproteins and glycolipids. These are very common component in the cell wall and have both
plant protein and non-plant protein binding propertied depending on the type of lectin (Van
Damme et al., 2008, 2011). Some lectins are constitutively expressed in all or certain tissues as
part of immune defense. These tend to have a signal peptide that localizes to the vacuole or the
extracellular matrix (Lannoo and Van Damme, 2010). Lectins contain many unrelated noncatalytic domains, including LRR and kinase domain (Van Damme et al., 2008). Plants will also
synthesize and secrete soluble lectins in times of stress including in response to a pathogen
(Lannoo and Van Damme, 2014).

Arabinogalactan proteins (AGP) in the plant cell wall have been reported to be involved in plant
immune responses. These proteins are hydroxyproline-rich (Hyp) and extensively glycosylated
(Newman et al., 2013). They extend from the plasma membrane to the cell wall anchoring them
and some extend further into the cytoplasm (Lannoo and Van Damme, 2014). In addition to
AGPs, other Hyp proteins such as extensins and other chimeric proteins are O-glycosylated at
the Hyp residues (Hijazi et al., 2014).
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Extensins (EXT) are a very common protein in the cell wall but their function is relatively
unknown (Lamport et al., 2011). Biochemical analysis of these proteins is very challenging
because of their repetitive nature and similarity to each other but no other protein family. Most
EXT mutants analyzed so far show no clear phenotype (Hijazi et al., 2014). Hydroxylated EXT
are usually glycosylated with chains of four arabinose sugars (Velasquez et al., 2011; OgawaOhnishi et al., 2013). Hyp EXT proteins are cross linked at Tyr residues forming lineages within
the protein and with other EXT proteins (Schnabelrauch et al., 1996; Jackson et al., 2001; Price
et al., 2003; Cannon et al., 2008; Lamport et al., 2011). Extensin mutants tend to have shorter
root hairs (Velasquez et al., 2011, 2012; Baumberger et al., 2001, 2003; Ringli, 2010).
Glycosylation at SPPPP hydroxyproline targeting sequence causes alignment of those repeats
and cross linking with hydrophobic molecules (Cannon et al., 2008). Interaction between EXT
and pectin molecules though acid-base or covalent bonding has been suggested (Valentin et al.,
2010; Cannon et al., 2008; Lamport et al., 2011). Extensins are upregulated in cell wall
wounding (Neubauer et al., 2012).

Extensins have been proposed to form a mesh networks structure with cellulose and
hemicellulose to form the structural elements of the cell wall and to control cell expansion.
Extensins have been shown to be highly resistant to proteases thus indigestible by pathogens and
an EXT protein increase showed an increase in pathogen resistance (Lamport and Epstein 1983;
Fry, 1982; Esquearre-Tugaye, 1981; Hammershmidt and Lamport, 1984). EXT proteins are
highly insoluble (Mcneil et al., 1984). This produces a barrier to pathogens especially as
positively charged EXT molecules interact with negatively charged pathogen surfaces (Mazau et
al., 1987, Mellon and Helgeson, 1982).
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There is a chimeric subset of Leucine-rich repeat extensin (LRX) proteins. LRR domains do not
directly inhibit pathogens but instead tend to function in the signal transduction towards
activating pathogen response (Vidhyasekaran, 1999). The LRX proteins divide in two groups,
LRX in the vegetative tissues and PEX in reproductive pollen tissue (Baumberger et al.,
2003a). LRX proteins have a signal peptide for the extracellular matrix localization (Baumberger
et al., 2001) (Figure 1.12).

LRX1 was first identified in tomato, then a homolog in A. thaliana was found. Mutants of this
proteins showed abnormal root hair formation, and is implicated in root hair growth and
polarization (Baumberger et al., 2001). Tobacco LRX1 was found to be essential to normal tissue
development (Chida et al., 2007). It localizes to the cell membrane in all tissues (Yazawa et al.,
2012). LRX proteins may play a role in securing the cell wall to the cell membrane (Knox,
1995; Cassab, 1998). The LRX2 mutant showed similar phenotype as LRX1, and a more severe
cell wall deficiency in the LRX1-LRX2 mutant (Baumberger et al., 2003b). LRX 1 repressor
study showed that LRX1 may be an extracellular regulator involved in the formation the pectin
matrix (Diet at al., 2006). Deletions of the C-terminus of LRX1 showed that the extensin domain
is required for the insolubilization of the cell wall. While there is some functional redundancy,
some parts of the extensin domain are necessary for function as mutant lacking the extensin
domain completely was not detectable in the root hair structures (Ringli, 2010).
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Figure 1.12: Leucine-rich repeat extensin (LRX) structure.

LRR-extensin proteins are chimeric molecules containing a signal peptide, a
leucine-rich repeat (LRR) domain consisting of nine complete LRRs, a Cys rich domain, and a
hydroxyproline-rich glycoprotein domain typical for extensins (Ringli, 2005)

Attachment factors in Arabidopsis thaliana and other plants

Attachment receptors in Arabidopsis are largely unknown. There is a set of plant mutants that are
transformation resistant (rat). In some rat genotypes, resistance could be attributed to inefficient
T-DNA integration or reduced bacterial attachment. Two of these, the rat1 and rat3 mutants, are
known to exhibit deficiencies in attachment to roots. Both are semi-dominant mutations. The
rat1 mutant is highly deficient in A. tumefaciens attachment in any media. The rat3 mutant is
deficient in binding only in water, but it binds bacteria well in sucrose media. Rat3 codes for an
outer membrane sugar arabinogalactan. A possible reason for this rat3 binding deficiency is that
this mutation causes a slight change in conformation that becomes more prominent in the
different osmotic conditions. The wild type plants have binding in both sucrose and water media
(Nam et al., 1997, 1999).

The rat1 is a haploinsufficient mutant of the agp17 gene coding for an arabinogalactan protein
(AGP) (Nam et al., 1999; Zhu et al., 2003). The library mutant has an insertion upstream of the
start codon of agp17 (Nam et al., 1999; Gaspar et al., 2001). AGP17 is a classic lysine-rich AGP
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(Gaspar et al., 2001). Both AGP17 and its homolog AGP18 are predicted to be a membrane
glycolipid anchored to glycophosphatidylinositol (GPI) that is attached to the C-terminus of the
protein (Eisenhaber et al., 2003). The function of AGP17 in attachment was tested with Yariv
reagent, which binds to AGPs (Gaspar et al., 2001). The binding of Yariv reagent lowered the
amount of bacterial transformation of the plant cells compared to transformation without the
Yariv reagent present (Gaspar et al., 2004). Rat1 mutants have reduced binding to A. tumefaciens
but unaffected cellulose production. In the mutants, only occasional surface binding was
observed. It is suggested that rat1 results in a defect in the initial binding step in A. tumefaciens
transformation and not in the cellulose synthesis and binding that promotes close adhesion
(Matthysse, 1994; Matthysse et al., 1995; Matthysse and McMahan, 1998).

Two possibilities for Rat1 protein function in attachment are direct binding to bacteria, via
crosslinking, or signaling. Direct binding is supported by the Yariv reagent test and by AGP
homologs in Angelica roots that show evidence of cross-linkage of the AGPs to pectic
polysaccharides in the plant cell walls (Yamada et al., 1985; Kiyohara et al., 1989). A lysine-rich
region provides a good backbone for this cross-linking. The second possibility is that Rat1/
AGP17 is not anchored to the cell wall and is instead involved in a signaling pathway for
initiation of attachment (Gaspar et al., 2004). The first possibility is more likely as 40% of the
GPI-anchored proteins in Arabidopsis are AGPs (Youl et al., 1998; Oxley and Bacic, 1999;
Sherrier et al., 1999; Svetek et al., 1999; Borner et al., 2003; Sun et al., 2004). In addition,
transformation of AGP17 with GFP in Nicotinia benthemiana BY2 cells showed localization to
the plasma membrane, which is consistent with the presence of a putative GPI anchor signal
sequence. Computer analysis showed that AGP17 encodes a classical GPI-anchored AGP (Sun et
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al., 2005). Mutations in AGP17, the VirE2 interacting proteins (Vip1 and Vip2), ,and histones
mutations reduce transformation and increase of their functions make them more sensitive to A.
tumefaciens transformation (Gelvin, 2010; Magori and Citovsky, 2012).

Myb family transcription factor one (MTF1) gene that negatively regulated cold and osmotic
stress tolerance, when subject to mutation has shown to increase plant sensitivity to A.
tumefaciens transformation (Hazen et al., 2005; Zhai et al., 2012). Plants produce this when there
are high amounts of bacterial cytokinins as a defense response and repress it when there are low
amounts, leading to susceptibility (Nagesh et al, 2013). Vitronectin-like proteins has been
suggested to be an attachment receptor, but has since been identified to be in the cytoplasm of
the cell (Wagner et al., 1992; Clauce-Coupel et al., 2008).

The study of Agrobacterium attachment to plants, both on the bacterial and the plant sides,
would provide valuable insight into the infection process of many plant and animal pathogens.
Additionally, the knowledge will not only make production of plant mutants more efficient, but
will also help discover possible binding sites for many pathogens. Through homology this
information can be applied to human pathogens as well.
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2. Selection of Arabidopsis thaliana mutants for the study
Identification and selection of possible attachment mutants with sequence
localization data from TAIR Database

The first objective was to screen an Arabidopsis knockout or T-DNA insertion library of mutants
from The Arabidopsis Information Resource (TAIR) database for attachment deficiency and to
identify the genes involved in attachment interaction with A. tumefaciens (Lamesch et al., 2011).
Selection was done according to the putative gene location, interaction and homology to genes
previously known to be involved in plant transformation. Putative function was identified
through previous research and preliminary bioinformatic analysis done during the sequencing of
the Arabidopsis thaliana genome. Genes that were focused in bacterial defense, targeting to the
cell wall or the cell membrane were selected and then limited to ones that are active in the plant
roots. Of these, the mutants that had available and viable seed stocks (Figure 2.1) provided by
the SALK Institute were used in this study (Alonso et al., 2003). All of these were screened by
microscopy for an attachment phenotype different from the wild type, Columbia-0. More
possible attachment mutants can be selected this way for future study based on the information
gathered by the experiments done on this set.
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Table 2.1: Arabidopsis mutants selected and ordered from The Arabidopsis Information
Resource (TAIR) including gene and protein information. Figure shows the mutants that were
selected from TAIR according to the putative location in the cell and function, and for which
seed stocks were ordered. In addition, some were selected according to similarity to other factors
previously studied for transformation, such as AGP and FLA proteins. All of the mutants are
homozygous insertion mutants except SALK_117268; the homozygous seed stock for the same
gene is CS321385.
Gene
AT5G65390
AT5G64310
AT5G56540
AT5G53250
AT5G18470
AT5G06920

Protein name
AGP7
AGP1
AGP14
AGP22

AT5G03760
AT5G03350
AT5G03340
AT5G02490
AT4G31370
AT4G18670
AT4G13390
AT4G13340
AT4G09030
AT3G62360
AT3G61640
AT3G60900
AT3G52370

RAT4 / CSLA9

AT3G28200
AT3G26720
AT3G24480
AT3G22800
AT3G20865
AT3G20820
AT3G15356
AT3G13790
AT3G11700
AT2G45470
AT2G42800
AT2G41800
AT2G34930
AT2G22230
AT2G20520
AT1G65870
AT1G33600
AT1G33590

FLA21

ATCDC48C
HSP70-2
FLA5
EXT12
LRX3
AGP10
AGP20
FLA10
FLA15

extensin
LRX6
AGP40

Cell wall invertase1 1/
ATBFRUCT1
FLA18
FLA8/AGP8
Receptor like protein 29

FLA6

AT1G21880
AT1G19300
AT1G03870
AT1G01800

LYM1/LYM2
ATGATL1
FLA9

AT4G37450
AT2G23130
AT4G40090

AGP18 / RAT3
AGP17/RAT1
AGP3

Function/ location
Anchored to membrane
Anchored to membrane
Anchored to membrane
Anchored to membrane
Sugar binding
Unknown
DNA mediated transformation, response to
bacterium
Sugar binding
Protein binding
Response to bacteria
Anchored to membrane
Protein binding
Proline-rich extension in cell wall
Leucine-rich extension in cell wall
Anchored to membrane
Carbohydrate binding
Anchored to membrane
Anchored to membrane
Cell adhesion

Stock used
SALK_039285C
SALK_123386C
SALK_016693C
SALK_087266C
SALK_089016C
SALK_038431C

Response to oxidative stress; Protein binding
Mannose metabolic
Protein binging; Cell wall structure
Protein binging; Cell wall structure
Anchored to membrane
Defense; signaling
Sugar binding

SALK_023296C
SALK_035007C
SALK_039936C
SALK_040891C
SALK_089247C
SALK_119747C
SALK_010308C

Response to wounding
Cell adhesion
Anchored to membrane
Protein binding
Galactose binding-like protein
Protein binding; Defense
Defense to fungus
Anchored to membrane; In root only
Defense; Lignin biosynthesis
Defense response; protein binding; leucine rich
Defense response; protein binding
LysM Domain GPI Anchored protein 1
precursor
Thinner cell wall mutant
Anchored to membrane
Binding; Catalysis

SALK_007233C
SALK_084715C
SALK_107941C
CS65463
SALK_009142C
CS873848
SALK_026580C
SALK_064179C
SALK_082544C
SALK_054459C
CS873630

Anchored to membrane
Anchored to membrane
Endomembrane system

35

SALK_001458C
SALK_074860C
SALK_023524C
SALK_085076C
SALK_139382C
SALK_013968C
SALK_099600C
SALK_094400C
SALK_056725C
SALK_120858C
SALK_092212C
SALK_073433C
SALK_080180C

SALK_094404C
SALK_045368C
SALK_051688C
SALK_009967C
SALK_117268,
CS321385
SALK_101062C
SALK_003940C

3. Microscopic analysis of A. tumefaciens C58 attachment to
Arabidopsis thaliana mutants.
Introduction
Most attachment analysis in crown gall disease has been done on A. tumefaciens mutant strains.
In this study we will be looking at the plant side of the attachment interaction. Arabidopsis
thaliana is a plant that has a fast growth cycle, small size and whose genome has been fully
sequenced. In addition to that, what makes it an ideal model host and the research subject of
these experiments is the availability of the SALK Institute mutant library (Alonso, et al., 2003).
These mutants were created with A. tumefaciens transformation and T-DNA insertion then tested
for integration with the GUS histochemical assay and rifampicin (Duarte, et al., 2005). Then they
were sequenced to check the location of the insertion. These mutants can be transformed and can
germinate but the rates of both are unknown in most cases. Several have been tested for
resistance to A. tumefaciens transformation (rat) phenotype (Nam, et al., 1999). Two of these
mutants, rat1 and rat3 will be analyzed as well as others that have not been tested for attachment
or transformation efficiency.

The plant mutants were selected from the TAIR mutant library according to the hypothetical
gene function listed to be in bacterial defense pathways, targeting to the plant cell wall or the cell
membrane as shown in Figure 2.1. These functions and locations were selected for the likelihood
of interaction with the bacterial pathogen at the cell wall. The known rat transformation mutant
associated proteins are predicted to localize to the cell membrane, near the pathogen interaction
site. Genes that were similar to those of the rat mutants were selected as well.
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This Arabidopsis insertion library of mutants from The TAIR collection was screened for an
attachment phenotype and any visible or germination phenotypes that have not been categorized
yet. This was accomplished using the qualitative assay based on the methods in Matthysse et al.
(1994) to screen mutants for an attachment phenotype. The method was modified to match the
timing of the quantitative polymerase chain reaction (qPCR) analysis in chapter 5. This
qualitative analysis was designed to any mutants that were visibly different from the wildtype.
Any that showed phenotypes other than wildtype were further analyzed. More possible
attachment mutants can be selected for future study from TAIR database based on the results
gathered in these experiments. In addition as the affected genes in the mutants are known they
could be further analyzed for what and how they may be involved in attachment interaction with
A. tumefaciens. (Chapter 8)

Materials and Methods
Plant and bacterial culture preparation
For attachment analysis Arabidopsis thaliana, Columbia-0 wildtype and all of the selected
mutants, were grown on Murashige and Skoog (MS) agar with vitamins (4.43g Phytotech MS salts
+vitamins; 10g sucrose; 0.5g MES; 0.1g Myo-inositol;10g Agar; pH 5.7 with 1M KOH) (Salinas and

Sanchez-Serrano, 2006). Seeds were sterilized in 10% bleach for 10 minute then 70% ethanol for
10 minutes, then washed 5 times in dH2O (Calikowski and Meier, 2006). Then they were spread in
a line splitting the MS plates 1/3 of the way across, at 10-20 seeds per plate. The plates were then
wrapped in Parafilm, covered in foil and stored at 4ºC for two days, then transferred to the
growth chamber with 20ºC and a 16 hour light/8 hour dark cycle for two weeks. A. tumefaciens
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C58 was grown in YEP media (10g peptone, 10g yeast extract, 5 g NaCl per liter) overnight at
28ºC for all experiments.

Root assay qualitative measurements of root attachment.

Using an OD600 measurement and a cell concentration standard curve from previous study, A.
tumefaciens was diluted to 107 per ml, or other desired inoculation concentrations. Arabidopsis
roots were cut to 1 cm segments and put in 10-segment bundles. The bundles were then
immersed in 1ml dH2O with bacterial dilution. For the control sample dH2O was used alone.
Roots were incubated in the bacterial dilution for 3 hours with rotation. After the incubation,
roots were transferred to a slide with a 20µl of liquid from the tube then stained with 5µl of
safranin and allowed to stain for 2 minutes. All samples were observed under DIC light
microscopy at 100x with oil and all were done in triplicate.

Identification of Arabidopsis thaliana attachment mutants with microscopy

Mutant attachment was tested using the method described by Matthysse et al. (1994) with
modified duration of inoculation. Nigrosin, safranin, crystal violet and other locally accessible
dyes were tested to determine which would attain the best image quality by improving contrast
and cell visibility without disrupting attachment. Safranin was selected for use because of the
way it improved both root and bacterial cell. (Figure 3.1)

To measure non-specific binding of bacteria to plants, a bacterium that does not have a hostpathogen relationship with the plant was tested for comparison to A. tumefaciens C58. The E.
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coli JM109 strain was selected for this purpose to show how much non-specific binding can
occur when incubating the bacteria with the roots (Figure 3.2 B). To ensure there was no
contamination, a control was performed for all experiments with sterile water (Figure 3.2 C). No
visible attachment of bacterial cells on the roots was observed on the JM109 control, showing
that there should be little non-specific attachment compared to A. tumefaciens (Figure 3.2 A).
There was attachment of A. tumefaciens C58 to the root hair. The sterile water control showed no
attachment, indicating no contamination.

To determine the average attachment of A. tumefaciens C58 to the wildtype Arabidopsis
Columbia-0, several samples were examined to compare the levels of attachment (Figure 3.3).
This average level of attachment was then used when analyzing attachment of the mutants.
Anything that had less, or no visible attachment, was labeled “Low” and anything that had
visibly higher levels of bacteria around the roots was labeled “High” attachment. Mutants
showing lower or higher levels of attachment were shown in Figures 3.4 and 3.5. These were
selected by comparison to the average wildtype attachment. All other mutants showed similar
level of attachment as the wildtype average as show in Figure 3.7.
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Figure 3.1: Arabidopsis Columbia-0 with A. tumefaciens C58 attached with and without safranin
staining.

This Figure shows A. tumefaciens C58 attachment to Arabidopsis thaliana Columbia-0 wildtype
ecotype root hairs produced using Matthysse et al. methods (1994). (A) Shows the wet mount
sample with bright field microscopy and (B) shows the same sample preparation and observation
but with safranin dye added for contrast.
Figure 3.2: Wildtype Columbia-0 Arabidopsis attachment viewed after inoculating with A.
tumefaciens C58 (wildtype), Escherichia coli JM109 as a general bacterial binding control and as
a contamination control in water only.

Figure 3.2 shows Columbia-0 wildtype Arabidopsis with (A) A. tumefaciens C58, (B) E. coli
JM109, and (C) dH2O control, imaged at 100X. The image (A) shows the attachment at the high
range for the wildtype while (B) and (C) negative controls show no attachment. There was no
non-specific attachment (B) and no contamination is visible(C).
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Figure 3.3: Average range of attachment of A. tumefaciens C58 to Arabidopsis Columbia-0
roots. Several images of wildtype attachment are from different experiments.

The images A through D of Figure 3.3 show A. tumefaciens C58 attachment to Arabidopsis
thaliana Columbia-0, both wildtype from different experimental sets. This shows the range of
attachment to the wildtype from which “average” of wildtype attachment was derived, with (A)
showing the upper limit of wildtype attachment with a lot of cells on the root hair only and (D)
showing the lower limit. Attachment amounts of all of the mutants will be compared to this
average amount. All images were done at 100X magnification with the DIC objective and were
stained with safranin to improve contrast.
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Figure 3.4: Attachment results for high-attachment Arabidopsis thaliana mutants inoculated
with A. tumefaciens C58.

In Figure 3.4, (A) SALK_085076C, (B) SALK_023524C, (C) SALK_056725C and (D)
SALK_040891C are attachment mutants found in the progress of this study that show higher
attachment than the wildtype. (A) And (B) have a high amount of attached cells in clumps
around the roots, while (C) and (D) have an average to high amount of cells attached evenly
throughout the root segment. All images were done at 100X magnification and were stained with
safranin to improve contrast.
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Figure 3.5: Attachment results for low-attachment Arabidopsis thaliana mutants as compared to
the wildtype Columbia-0.

In Figure 3.5 (A) SALK_101062C, (B) SALK_023296C, (C) SALK_094400C, (D)
SALK_054459C, (E) SALK_139382C, (F) SALK_117268, (G) SALK_003940C, (H)
SALK_013968C and (I) SALK_107941C are low attachment mutants compared to the wildtype
found in the progress of this study. Some have a little visible attachment but overall lower than
wildtype. Others have no visible attachment at all. All images were done at 100X magnification
and were stained with safranin to improve contrast.

Arabidopsis thaliana morphology and phenotypes identified during study

In addition to the attachment, any roots showing phenotypes different than the wildtype were
noted. The root phenotype was described according to physical traits. None of the mutants had
previously characterized root growth or attachment phenotype on TAIR. All of the mutants not
mentioned in the Figure 3.6 have wildtype phenotype and attachment.
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The SALK_092212C mutant, which is affected by a mutation in the gene encoding membrane
protein AGP20 (Table 3.7), has a higher number of root hairs than the wildtype (Figure 3.6A).
They form short tufts on the main root shaft. The SALK_119747C seed stock, which has a
mutation in a defense and signaling associated gene (Figure 3.6), produces wavy root hairs
(Figure 3.6B). The root hair waviness might be caused by problems with the cell elongation zone
orientation as the directionality of growth is controlled by this area of the root hair (Mochizuki,
et al., 2005). The SALK_ 003940C mutant was found to have a lower germination rate than the
wildtype averaging about 3 germinated seeds for every 10 planted. More analysis needs to be
done on this mutant for percent germination and determination of why the germination rate is
lowered.
Figure 3.6: Root phenotypes identified as compared to Arabidopsis thaliana Columbia-0
wildtype.
The Figure 3.6 shows (A)
SALK_092212C, which has a
higher number of root hairs
shown with A. tumefaciens, and
(B) SALK_119747C, which
has root hairs that grow wavy
in an image from the control
without A. tumefaciens.

Table 3.7: Microscopy phenotype of plant mutants.
Table shows the results of the plant mutants analyzed by microscopy in this study including both
morphological phenotype and/or an attachment phenotype. The morphological phenotype is
described according to physical traits or germination. The attachment phenotype is ranked with
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“Average” being the same as wildtype and “High” being more attachment than wildtype and
labeled orange and “Low” being less attachment than wildtype and labeled green on the chart.
None of these plant mutants has a characterized root growth or attachment phenotype described
on TAIR before. All mutants not mentioned in the graph but selected for the study have wildtype
phenotype and attachment.

Table 3.7: Microscopy phenotype of plant mutants (Continued).

45

Figure 3.8: Attachment microscopy results summary graph.
Overall in this study eleven
new attachment mutants have
been identified in addition to
the two known
transformation (rat) mutants.
Of these nine were low
attachment, including the rat
mutants, and 4 were high
attachment. In addition we
observed two
morphologically different
plant mutants that showed
root hair phenotypes but were
wildtype in attachment
(Figure 3.6). Of the 45
mutant plants 32 has wildtype
attachment.
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Summary of results
Through microscopic analysis we have identified eleven novel attachment plant mutants, shown
in Figure 3.7. In addition, two known transformation mutants were analyzed. Of the novel
mutants four are high attachment and nine are low attachment based on analysis by microscopy.
Most of the mutants had wildtype morphology. The two known transformation mutants RAT1
and RAT3 were analyzed for attachment by microscopy. The SALK_117268
(heterozygous)/CS321385 (homozygous)/RAT3 mutants showed wildtype level of attachment in
the heterozygote and slightly below wildtype level of attachment in the homozygous strain. The
wildtype gene copy in this strain could be compensating in attachment function in the
heterozygote. This mutant has shown recovery of transformation with added sucrose in a
previous study. Sucrose increases Agrobacterium growth and this increases the chance of
transformation even with the lowered binding for a reason that is not yet known (Nam, et al.,
1999). Based on sequence analysis, the protein encoded by agp18/rat3 is anchored to the
membrane (UniProt) so it may be functioning in the transfer process of transformation or in
signaling instead of direct attachment. The SALK_ 101062C/ RAT1 mutant showed lower
attachment than the wildtype but not as low as some of the other mutants. The putative protein is
also membrane anchored. Transformation studies in Nam et al. showed that this mutant has low
transformation that does not change with the addition of sucrose (1999). In addition the mutants
SALK_023296C, SALK_094400C, SALK_054459C, SALK_139382C, SALK_003940C,
SALK_013968C and SALK_107941C showed little to no visible attachment.

The high-attachment mutants showed a higher on average number of cells attached to and
surrounding the root hairs than the WT. These mutants are SALK_040891C, SALK_056725C,
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SALK_0805076C and SALK_023524C. All except SALK_023524C show increased clumping
of A. tumefaciens cells into clumps on and near the root hairs/binding sites. The plants may be
releasing something that is causing the bacterial cells to clump. The SALK_023524C instead has
higher attachment spread evenly throughout the root hair without any clumps. This suggests that
this mutant is not releasing anything from the cell but the change occurred at the location of
binding. The putative protein for this mutant gene is possibly involved in response to oxidative
stress and in protein binding (Dalton, 1991).

The SALK_ 003940C strain has a mutation in the agp3 gene, which codes for an arabinogalactan
protein, just like AGP17 and 18 RAT mutants. AGP3 is localized to the endomembrane system.
Arabinogalactan proteins overall are in the cell membrane and reach across the periplasm and
into the cell wall to help hold it together and provide signaling across the space (Lannoo and Van
Damme, 2014). It is possibly involved in the transformation process in a similar way to the RAT
arabinogalactan proteins. SALK_0805076C strain putative protein may be involved in response
to bacteria as seen further in the bioinformatics chapter 8. Removal of function of this gene
causes an increase in attachment that suggests it may be involved in inhibiting bacterial
attachment in its normal function.

The affected protein in SALK_040891C seed stock is suggested to function in cell wall structure
and protein binding that is also homologous to one of the low attachment mutants
SALK_094400C (Bayer et al., 2006). These proteins will be further explored with a
bioinformatics study in a later chapter (8). The SALK_138382C strain has a mutation in the fla2
gene, also anchored to the membrane, and SALK_092212C is a mutant in another

48

arabinogalactan gene protein AGP20, and is anchored to the membrane while the
SALK_107941C stain has a mutation in the fla8/agp8 gene. The protein coded by this gene is an
arabinogalactan protein, which is anchored to the membrane like the other AGP proteins. They
likely function similar to the RAT proteins (TAIR). Fasciclin-like arabinogalactan proteins
(FLA) are similar in function and location to the AGP proteins.

Discussion:
Based on microscopy of the selected mutants in Figure 3.7, it appears that genes coding for
arabinogalactan proteins and proteins with leucine-rich repeat domains tend to be involved in
Agrobacterium attachment as they are involved in most of the signaling in and from the cell wall
and in triggering immune response (Boller and Felix, 2009; Böhm et al., 2014; Han et al., 2014;
Macho and Zipfel, 2014). The AGP and FLA proteins are in the cell membrane and interact with
the cell wall, and both of these protein types are glycosylated protein-binding proteins (Wormald
et al., 2002). They are present at the highest percentage in the extracellular matrix. A.
tumefaciens cells interact first with the surface of the cell, at the cell wall before they form a
more permanent cellulose fibril binding.

In previous studies by Nam et al., the removal of an arabinogalactan protein showed a reduction
in transformation (1999). Thus some arabinogalactan proteins are likely to be involved at the
initial attachment or the transfer stage of the infection. It is probably not a later stage, even
though transformation is the end result because the arabinogalactan proteins involved (AGP17
and AGP18) are anchored to the cell membrane. That study also showed improved
transformation in one of the mutants (AGP18) when sucrose was added with the suggestion that
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sucrose helps reduce the effect the mutant has on the interaction with A. tumefaciens. It is more
likely that sucrose had an effect on the bacteria instead as the addition of sucrose can cause A.
tumefaciens population to increase faster, with a 72 hour incubation as required by the
transformation assay. At a certain stage the weak attachment and transformation at the AGP
proteins becomes less of an issue as the increasing numbers of bacterial cells with random weak
cell-to-cell interactions will eventually result in enough transformation to look like the phenotype
has been recovered. The rhizobeaceae bacteria, including A. tumefaciens, have multiple binding
mechanisms, one Ca2+ dependent, pilus facilitated, UPP involved and possibly others. So cells
with weakened attachment can show increased transformation if the bacterial cell concentration
is high enough.

The plant mutants, SALK_040891C, SALK_003940C, SALK_0805076C and SALK_023296C,
showed higher attachment in microscopy are predicted in TAIR to be involved in protein binding,
oxidative stress, and response to bacteria. These are likely involved as part of the structural and
immune defense of the cells. Removal of proteins functioning in plant immunity may reduce
defense and might cause an increase in attachment. When functional, these proteins likely have
three possible interactions with the bacterial pathogen. The first possibility is that they identify
the bacterial pathogen and trigger a signal to initiate the immune response. Secondly, they could
be part of the immune response itself and work in inhibiting bacterial binding, by secreting
molecules that will attack, or degrade the bacterial cell. Finally, they might be structural
elements that prevent access to host binding sites. This way the pathogen cannot get close
enough to bind without injury to the plant that usually gives access to the binding site, as that
could physically prevent attachment. Not enough research has been done in this to definitively
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show such structures, or which of the interactions could be occurring. The final types are most
likely to be cell wall structural elements instead of proteins that interact with the matrix between
the cell wall and cell membrane only.

Two especially interesting mutants are the SALK_040891C and SALK_094400C because they
are in the same family and showed the opposite attachment results. Both of these are cell wall
structural elements called leucine-rich repeat extensins (LRX) (Baumburger et al., 2003). The
SALK_040891C mutation in the lrx6 gene causes an increase in attachment and cell clumping
around plant roots, while SALK_094400C of the lrx3 gene showed a reduction to no attachment.
Leucine-rich extensins help form the basic matrix of the cell wall. It is possible that A.
tumefaciens attaches directly to LRX3, or is involved in the attachment pathway, so when it’s
missing the binding is reduced. The LRX6 is more likely binding what the A. tumefaciens is
attaching to, so when it is gone, clumping of the bacterial cells increases dramatically because
what is bond is released into the media. As this clumping around the root segments was
significant in SALK_040891C further observations were done on what may be causing this in
chapter 6.

The eleven novel plant attachment mutants showed variation from the wildtype attachment
phenotype in microscopy, which is qualitative To verify these attachment results with a second
method, qPCR was used in a process designed for this study. This helped show both the values
for attachment and verify the result of the microscopy.
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4. Additional attachment assay method approaches done as
part of this study.

Introduction
The selected mutants were analyzed qualitatively with microscopy but a quantitative method of
measurement was necessary for a more thorough analysis of this interaction. This quantification
was difficult, especially for A. tumefaciens as they are known to be strong biofilm formers and
will bind to most substrates well, including each other (Tzfira and Citovsky, 2008). This was
especially a challenge at low concentrations. Bacterial attachment to plants has been measured
through plate counts, microscopy, and indirectly through transformation. At low concentrations,
microscopy was not helpful as it was hard to find and see the low numbers of cells.
Transformation is a measure of stable integration of T-DNA into the cells which does not
necessarily correlate with attachment amounts (Gelvin, 2006). Plate colony count has been the
go to method for all previous studies in attachment (Matthysse, 1994)

Working with A. tumefaciens cells attached to the root adds to the challenge in deciding whether
to use the whole sample with the plant root or remove the bacterial cells, and how to do this. In
this study several methods for quantifying attachment were tried during this study in order to
identify those that were sensitive, reproducible, and cost effective and permitted screening
numerous mutants. Plate colony counting was repeated and while it was labor intensive and uses
a lot of materials, it is the standard method of measurement so far. Other novel methods were
attempted with varying success to try to improve upon the standard. Amongst these are flow
cytometry with the cells detached from the root to give the cell numbers in the detached sample
culture. The bead binding assay that utilized flow cytometry to attempt to measure cell
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attachment to beads coated in possible attachment substrates. The 96-well plate method was used
to see if the wells could be coated with attachment substrate, such as plant cell wall extracts, and
measure the bacterial attachment to them. Then finally first whole cell real-time PCR was tried to
measure the cells detached from roots and then finally the qPCR method was attempted.
(Chapter 5)

Preparation of the detachment buffer for removal of cells from roots during
attachment assay
For the first several protocols used in this study to measure attachment of A. tumefaciens to
Arabidopsis thaliana root segments, a detachment buffer was developed. In the basic detachment
assay the roots were inoculated with a known concentration of A. tumefaciens cells. Then the
cells that may have bound are pulled off the root using the sodium chloride- EDTA buffer, and
finally the quantity of the cells attached was measured. This assay can be used to screen the
effect of attachment mutations in bacteria and Arabidopsis plant populations. Sodium chloride
was used for detaching cells because it is known to affect the attachment of A. tumefaciens. It
attracts A. tumefaciens towards higher gradients sodium chloride (Ashby et al., 1988).
Rhizobeaceae can tolerate generally high concentrations of sodium chloride, growing well at
0.5M (Tanaka et al., 2009).To test the best concentration of sodium chloride to use for
detachment, various concentrations were tested. A preliminary test was done to see which
concentration of buffer components reduced the A. tumefaciens cell clumping in the media
without roots but does not eliminate it completely (Figure 4.1). EDTA was added as it prevents
and disrupts calcium-dependent binding such as with rhicadhesin (Smit et al., 1991). This buffer
reliably reduces binding on the roots (Figure 4.2). It can still be used in other studies in which
removal of A. tumefaciens attachment is necessary.

53

Figure 4.1: Selection of detachment buffer NaCl concentration for reduction of A. tumefaciens
clumping.

Figure 4.1 shows the effect of various salt and SDS solution on A. tumefaciens cells in
prevention of clumping. The media used are water (A), 0.15M NaCl (B), 0.25M NaCl (C), 0.5M
NaCl (D), 1M NaCl (E), and 5M NaCl (F).The high concentrations of NaCl showed less clumps
but they killed the bacteria, so (C) was chosen as the concentration to use in detachment buffer.
The samples were stained with crystal violet. All of the NaCl concentrations of 0.25 and higher
reduce clumping but not completely. Some clumps still remain in the media even at 5M
concentration which is lethal to A. tumefaciens. Insets show the clumps from the same image at
higher digital magnification.
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Figure 4.2: Detachment buffer applied to A. tumefaciens attachment to Arabidopsis thaliana
Columbia-0 wild type.

The figure shows (A) the standard amount of attachment and (B) the roots after being treated
with NaCl- EDTA detachment buffer. There was little to no visible bacterial attachment on the
roots after the detachment buffer was applied for 15 minutes. Insets show the same image at
higher digital magnification.

Flow Cytometric assay

Flow cytometry can rapidly count the number of cells in a sample thus which seemed a
promising way to directly measure numbers of attaching A. tumefaciens. Detachment buffer
removed cells from the root. These cells were then transferred into the sample tubes that were
then scanned and compared to a control bead population added to the tube.

The flow cytometry measures a visible difference between A. tumefaciens C58 and E. coli
JM109 binding but it was not statistically significant because there was a high rate of error. This
error rate was very high because of the high amount of background interference from plant
debris, bacterial cells binding to beads, and the low sensitivity of the instrument to such small
cells. The debris from the plant and bacterial cells themselves produced a background

55

fluorescence that was difficult to eliminate. This gave results of over 100% attachment. Previous
experiments used only one root and the cell number attached to it was about 700 cells per
centimeter root in a 10,000 cells per ml bacterial concentration: this is too low for the flow
cytometer to detect accurately.

The FACS Canto I instrument did not have the sensitivity to differentiate 1 to 2 µm bacteria from
the debris without fluorescence. It was optimized for much yeast at 3 to 4 µm and mammalian
cells that are larger. Bacterial cells are at its lowest limit of measurement. More sensitive
equipment might to help optimize this assay, but the stickiness of the bacteria itself, which
wasn’t completely eliminated by the detachment buffer, also prevented clear readings. Even with
clumping some relative comparison information may have been useful but the problem with
background made that hard to detect.

The typical red and green fluorescence channels utilized for flow cytometry are not useful for
this application, because the plant debris autofluoresces at these wavelengths, SYTO B stain
leaked from the cells and did not overcome the autofluorescence problems associated with the
plant root fragments. SYTO B also stains the beads and debris putting that as part of the
fluorescent population, producing a higher readout than expected. A. tumefaciens transformed
with GFP could be used to quantify the cells, but the plant autofluorescence would still interfere
with those results.

The strong cell-cell and cell-surface adhesion properties of C58 make it bind the beads in
addition to the cells clumping to each other. This adhesion causes many cells to be excluded
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from the measurement. This removed the cells out of the population gated for cell number
measurement and moved some of them into the control bead measurement gate (Figure 4.3). In
addition the control readings from the root-only samples showed as high as or higher readings
than the experimental samples because of plant debris. The gating for the bacterial population
overlaps with the debris from the roots. In addition the measurement loses a very high percentage
of inoculated concentration, most likely because of the clumping (Figure 4.4). At this point with
the current instrument it was not possible to differentiate the cells from the debris.

Figure 4.3: Flow Cytometry analysis of A. tumefaciens attachment.
Figure 4.3 shows flow
cytometer measurement plots
for different A. tumefaciens
inoculation concentrations
done to determine
measurement standards. Figure
(A) shows the background in
the media only control, and (B)
is the plot for the 107 cell/ml
sample, while figures (C) and
(D) show 105 and 104 cell/ml
samples. At 104 the cell/ml was
almost the same as that of the
background. Below this
concentration the readings are
the same as background.
Staining was needed to
increase sensitivity at these low
concentrations and the values
were very variable in
measurement with overlaps
with all the concentrations in
standard deviation.
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Figure 4.4: Flow cytometry measurement of A. tumefaciens dilution standards.
Flow cytometer cell dilution measuments
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Bead Binding Assay
A modification on the first flow cytometry assay was attempted to screen plant cell culture cells
using beads to reduce the amount of plant debris background. The beads were used to simulate
plant cells for flow cytometry as plant cells cannot pass through the flow cytometer. This can be
used with Nicotinia benthemiana BY-2 cells that have faster growing plant cells. Arabidopsis
roots take 2 weeks to grow to desired length in comparison of 3 days for a BY2 cell culture to
mature. Protoplasting can be done to remove the cell wall of the plant cell to use for analysis as a
cell wall extract, which can be bound to beads. These attempted to produce a simple model for
testing coated of beads with plant cell extracts than Arabidopsis. Coated beads would give a
good substrate for A. tumefaciens cells to bind visibly in both microscopy and flow cytometry.
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The coated beads were produced using Nicotinia benthemiana BY-2 cells or Arabidopsis
thaliana plant tissue (roots or leaves) from which cell wall extract (CWE) was isolated by
protoplasting. The CWE was then used to coat the beads for use in attachment instead of the
whole plant cells. In addition, the beads can be coated with potential binding factors such as
arabinose, arabinogalactan, or other plant sugars that localize to the cell wall (WesterlundWikstrom and Korhonen, 2005) and analyzed for bacterial attachment to these substances. A.
tumefaciens attach to beads thus the sample could be viewed on the flow cytometer directly as no
plant material would need to be removed.

For the bead binding experiment 6µm carboxylated beads were used. They were coated with cell
wall extract (CWE) or other factors by coupling the substrate to the carboxylated beads using a
standard protocol (Polylink Protein Coupling kit). The control was incubated in dH2O. The beads
were then inoculated with a bacterial culture at a predicted 108 cell concentration using OD600
measurements in induction buffer. They were incubated together then vortexed and filtered with
a 40 µm strainer. Without vortexing and filtration, the beads would clump together to a diameter
that will not go through the flow cytometer, which has a 50µm diameter limit. Microscopy
showed mostly less clumped beads with groups of no more than 4 together but the transfer to the
slide possibly broken some of the larger clumps up or could have avoided transfer via pipette.
There was a concentration discrepancy in measured beads by flow cytometry and inoculation
concentration when any bacterial component was added to the sample medium. Some of the
larger clumps were probably omitted from microscopy because they could not be moved from
the tube to the slide. The CWE coupled with carboxylated beads showed only a slight difference
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in the higher clumping (Figure 4.5). The flow cytometer results showed little difference between
the controls and the experimental samples and produced variable results.
Figure 4.5: Flow cytometry measurement of the control and A. tumefaciens bound beads with
the same settings and sample preparation.

The figure 4.4 shows beads coated with cell wall extract (CWE) then inoculated with 106 A.
tumefaciens and a water control. There was no visible difference in readings between bead with
A. tumefaciens and without. The readings are highly variable and there was no visible different
between the control on the left and experimental sample on the right.

Plate colony counting
The most common direct attachment measurements in previous studies have used plate counts.
These can only show the number of cells alive at the time of detachment. Plate counts are also
slow and labor intensive. In addition to this, as there is high clumping of the bacteria, the clumps
of several cells will appear as a single colony. This would introduce a greater variation to the
results.

This analysis was repeated in this study with the use of the salt detachment buffer. The samples
tested in this experiment used 10 and 30 root segment boosted the cell numbers, compared to the
much lower single root segment attachment amounts, to 3500 and 10500 cells per ml (Figure

60

4.6). The cell numbers attached to the roots increased by increasing the number of root segments.
The increase was to a level that should be seen in flow cytometry. The difference between A.
tumefaciens C58 and E. coli JM109 was significant at both of the root sample numbers. The
percent attachment analysis of the cell numbers in the plate colony counts showed that the A.
tumefaciens C58 attachment was boosted to 7.4% for 10 roots and 11.5% for 30 roots compared
to non specific attachment of E. coli JM109 (Figure 4.6 table). This amount was lower than
expected but the detachment procedure does not remove 100% of the cell numbers compared to
previous protocols involving blending the plant tissue to extract all the bacterial cells attached
(Matthysse, et al., 1994). The E. coli JM109 percent attachment stayed approximately the same
at or below 1%. The results for the differentiation of attachment between C58 and JM109 were
statistically significant for both of the root sample sizes.

Colony counts using detachment buffer showed only a small increase in attachment with triple
the roots available for binding. Methods that fully break up the root may show greater cell
numbers, as a percentage of cells remain attached after milder detachment procedures. A.
tumefaciens cells also stick to each other strongly. The salt buffer greatly reduced clumping but
there still showed minor clumps of bacterial cells even when it removed attachment to the roots
(Figure 4.1), which gives falsely lowered readings using a colony count method. After testing all
parts of the procedure and trying multiple adjustments, the root attachment assay gave good
results on the plate colony counts but repeatable quality data was not attainable. There was too
much variation in the results for them to be valid.
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Percent of cells bound to roots

Figure 4.6: Colony counting method tested with A. tumefaciens C58 and E. coli JM109 binding
to Arabidopsis thaliana Columbia-0 roots.
Figure 4.6 show attachment
of A. tumefaciens as the
14
experimental sample and E.
coli JM109 as non-specific
12
control bound to two
10
different number sets of
Arabidopsis thaliana
8
Columbia-0 wildtype of 10
one cm root segment bundles
6
in triplicate. The table shows
the average percent of cells
4
attached and standard
2
deviation used in the graph
for Figure 4.5. The
0
percentage is calculated
10 roots
30 roots
based on the original
Number of roots used as substrate for binding
concentration inoculated onto
A. tumefaciens C58
the root.
E. coli JM109
Percent of attachment

Root substrate
number
10 roots
30 roots

Percent
attachment
Percent
to A.
Standard
attachment Standard
tumefaciens deviation
to E. coli
deviation
7.42
2.42
0.16
0.14
11.59
1.10
0.26
0.12

Crystal violet plate assay
Another measurement method attempted to use concentration measurements with crystal violet
staining, fluorescent staining, and GFP expressing strains as an alternative for the flow cytometry
assay. This assay used light absorption or emission measurements with a 96-well plate reader to
see the differences in bacterial concentrations post attachment. Using stains such as crystal violet
would give more exact readings via light absorption by differing concentrations of cells than
without a stain. Depending on the sample volume used for this assay, many samples could be run
in a short period of time. The preparation for this assay was based on the biofilm assay by
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Christensen et al. (1985) and Merritt et al. (2005). Using fluorescent stains and GFP induction
may further increase measurement sensitivity, especially when working with low concentrations.

The crystal violet plate binding assay was based on ELISA assay and a crystal violet assay used
to measure yeast adhesion to plate surfaces. The plates were coated with bovine serum albumin
(BSA) to prevent bacteria from binding to the plastic directly, and then half of the sample wells
were coated with cell wall extract. A known concentration of bacteria was added to the wells, the
plate was centrifuged to pull them to the bottom, and then cells were allowed to bind for 2 hours.
Cells were washed and resuspended with growth media and grown overnight with shaking at
28oC. They were then stained with crystal violet for 15 minutes and washed until no more crystal
violet leaked from the cells. Then 10% SDS was then added to each well and the plate incubated
for an hour to resuspend the cells and extract the remaining crystal violent. The plate was
measured using a plate reader at the absorbance wavelength of 600nm.

The results showed only minor differences between the CWE-coated and uncoated wells. On the
other hand, there was a statistically significant difference between the A. tumefaciens C58 and
the negative control E. coli JM109 in the relative amount of binding to the plate, whether CWEcoated or not. The 107 cells/ ml concentration was a standard inoculation concentration for
binding the plate in this assay selected using OD600 measurements. The actual binding occurs in
lower concentrations.

The results from experiments showed that BSA coating helps reduce dye binding as shown in the
water control. Unfortunately it does not reduce cell binding of either E. coli JM109 or any of the
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A. tumefaciens strains to the plastic wells. CWE gave the lowest binding and least consistent
results. The assay was not feasable for a good strong comparison between the strains as the cells
bound to BSA, the most common binding inhibitor. Other binding inhibitors such as carbonate
buffer, ethanolamine, and milk protein did not produce significantly better inhibition results
(Figure 4.7). This assay is not a good measurement for any A. tumefaciens attachment.

Absorbance at 620nm

Figure 4.7: Crystal violet analysis of A. tumefaciens C58 and E. coli JM109 adhesion to the
substrate coated 96-well plate.
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Real-time whole cell qPCR
Real-time PCR can show the relative genome copy number in a sample. Cells attached to the
roots can be removed into solution using the sodium chloride-EDTA detachment method for the
PCR measurement. This can be used to detect mutants that have high or low attachment as
compared to the wildtype in a quantitative fashion. Furthermore, whole bacterial cells can be
added to simple real-time PCR setup as a template with the addition of a 10 minute hot start to
lyse the cells. The measurement was then done with a DNA-specific fluorescent stain, such as
Evagreen, that was added to the master mix. This fluorescence produces a curve according to
which allows the attachment amount to be determined (Figure 4.8).

The measurements are done using the Cq (also known as Ct) values, which are inversely
correlated to the copy number. The Cq is determined by the point in which the fluorescence of a
sample reaches measurable threshold. The higher the template DNA concentration the faster this
threshold is reached and the lower the Cq value for the sample. These measurements can show
differences in cell number and therefore attachment the differences between mutants, but there
was still too much variation between the sample runs (Figure 4.9).

To control for loading volume and DNA extraction template loss we added an internal control to
the experiment using the Qiagen Pathogen detection kit with an internal control. For this we
needed to change from the Eva green real-time PCR to two-color qPCR and design a primer and
probe set to an A. tumefaciens specific gene, chvE was designed (Table 6.1). The internal control
runs on the yellow fluorescence channel and the probe on the green. This required DNA
extraction of the A. tumefaciens cells as the cell components in whole cell PCR can interfere with
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the Taqman hydrolysis probe. These adjustments allowed this method to be the one that was used
in this study to give a comparison of A. tumefaciens attachment in the qPCR chapter (5).

Figure 4.8: This RT-PCR amplification graph shows the fluorescence curves for whole-cell
qPCR.

The Figure 4.7 show that SALK_040891C amplified earlier than the 108 control which means
the cell number detached from the roots was higher than 108, or that the sample was loaded with
more template. The no template control (NTC) came up last but still too close to most of the
sample set. The y-axis shows fluorescence and the x-axis is the Cq.
Figure 4.9: Whole-cell qPCR results showing original concentration the roots were inoculated
with as predicted by OD600 compared to Cq value for several mutants.
Figure 4.9 shows that
the mutants
SALK_139382C
(382),
SALK_064179C
(179) and
SALK_024865C
(865) have
significantly different
attachment rates from
the wild type at 107
while being
inconclusive at 106.
This was a difference
between the
concentrations could
be because of loading
variation.
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Discussion
Of the previously attempted attachment measurement methods only the qPCR that used the
hydrolysis probe showed repeatability and a lower variation. All of the previous methods that
used whole A. tumefaciens cells did not work due to interference in fluorescence, physical
interference by plant debris, or the natural strong adhesion of the bacterial cells to all surfaces.
This cannot be changed with the addition of the salt buffer, even if reduces clumping and
releases cells from the roots, it is not eliminated entirely. Flow cytometry would probably have
had more success with a more sensitive instrument. The plate colony assays might have worked
with a bacterial species that has weaker or more specific adhesion targets than A. tumefaciens.

To prevent this issue, the stickiest part of the bacterial cells would need to be removed, this was
the cell wall. The only way to measure the numbers of bacteria without the cell wall or cell
membrane present was through extracted DNA analysis. The best quantitative option for cell
number analysis with the least variation so far has been PCR. Whole cell real-time PCR worked
as desired, but an internal control was needed for standard curve analysis to account for loading
error and template concentration problems and to reduce background from contamination. To
alleviate these problems, a kit with an internal control was used, and a hydrolysis probe designed
to reduce the chance of contamination background (Chapter 5).
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5. qPCR analysis of Agrobacterium tumefaciens C58
attachment to Arabidopsis thaliana

Introduction
Following the microscopy analysis to identify Arabidopsis thaliana mutants (Table2.1) with
visible phenotypes (Figure 3.7), further analysis indicated the shortcomings of current protocols
that assess attachment of Agrobacterium tumefaciens (Chapter 4). Microscopy on its own does
not give enough information on attachment, a second attachment measurement is helpful in
understanding what may be occurring in the interaction between A. thaliana and A. tumefaciens.
Traditionally, the common quantitative attachment measurement was done using colony counts
(Matthysse, et al 1995). The goal of developing a new method was to produce an assay that was
faster, more efficient, and reliable. The designed qPCR protocol was the only one that produced
repeatable results. It also gave an independent method to measure the differences in bacterial
attachment among the A. thaliana mutants.

A. tumefaciens has a strong ability to adhere to cell surfaces and each other, often forming
biofilms (Tzfira and Citovsky, 2008). This characteristic of the bacterium has made measuring
attachment a challenge because single cells could not be easily separated and quantified. For this
new molecular method the DNA extraction can be done directly on roots inoculated with A.
tumefaciens, which removed the clumping issue that occurred with other assays (Chapter 4)
because of the cell adhesion. Therefore, the quantitative real-time PCR (qPCR) can accurately
show the number of A. tumefaciens cells in a sample. The overall process with extraction,
attachment and measurement procedure takes a shorter amount of time than colony counting or
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flow cytometry methods. In addition it is less labor intensive than cell counting using the
hemocytometer or colonies on plates.

The A. tumefaciens chromosomal gene, chvE, which is specific to the Agrobacterium genus and
involved in virulence, was then measured via qPCR. ChvE is present in the genome only once,
thus number of gene copies is equivalent to the number of cells. A Taqman or hydrolysis probe
was designed to detect and measure chvE in a sample because it is specific to the target sequence,
gave a precise result, and lowered the chance of contamination.

The amount of the target gene in each sample was determined using a standard curve. The
standard curve is constructed via dilutions of the bacterial sample in typically 108 to 103 OD600
predicted bacterial cell concentrations. The lowest concentration used, was at least 3.3 Cq cycles
higher than the no template control (NTC) samples. Anything that is within 3.3 cycles of the
NTC was not statistically valid and considered background. In addition the efficiency and the
R^2 values for each curve should be reported and should be similar for all the runs ideally at 0.95
or above (Smith et al. 2008). The efficiency value needs to be as close to 1.00 as possible. When
these qualifiers are accounted for then the cell equivalent number/ml amount of attachment can
be measured.

Materials and Methods
Primer and Probe design
The primers were designed using Amplify 3.1 software and tested using primer BLAST targeting
the chvE gene with a final product that is 96 bp long with the probe no more than 30 bp away
from either primer (Table 5.1). The product size is the ideal range for real-time PCR at low
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volumes. The chvE hydrolysis probe runs on the green fluorescence channel using the 6-FAM
fluorophore and the Black Hole Quencher 1 (BHQ1) and the internal control is on the yellow
fluorescence channel with the Qiagen proprietary fluorescence combination. Proprietary Qiagen
Internal control from the Quantifast + Internal Control kit is included in all samples except the no
template control (NTC). An internal control only sample was prepared with the extraction
protocol as well. The assay was run as a two-color qPCR.

Primer testing
To test for the best primer annealing temperature and specificity a whole-cell PCR was run using
the Qiagen HotStar Taq PCR kit with temperatures selected at a gradient from 55 oC to 58oC.
Bacterial concentration of 105 cells/mL, determined by OD600 spectrophotometer was added at
1µl volume to the 25 µl reaction. The PCR products were then analyzed by gel electrophoresis
using a 1% agarose gel stained with ethidium bromide and run at #volts for #min. Imaging was
done using the Fluorchem UV imager. The primer set that was run at 55oC had the highest yield
and the no template control (NTC) had no product (Figure 5.2). There were no secondary bands
to indicate non-specific primer binding. This primer set was used with the hydrolysis probe at
55oC annealing temperature for all of the qPCR analysis.
Table 5.1: Taqman probe and primer for chvE gene use for the PCR experiments
The table includes the sequences and annealing temperatures of the primers and probe used in
the qPCR experiments. The final product is 96 bp long. The probe is 20oC higher than the
primers as required for the protocol.
Primer /Probe
Forward
Primer
Reverse
Primer
Taqman Probe

Sequence
GCTGTCCCAGATCGAAAA

Temperature (oC)
57.2

GCCTGCTTCAGAACGTC

55.2

CACCAAGGGCGTCAAGGTCCTCGTGAT 75.7
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Figure 5.2: Selection of optimal temperature for primer annealing in PCR.

Primers from Figure 5.2 have a product at about 100 bp size as compared to the 100bp ladder.
The annealing temperature of 55oC gave the strongest band out of the gradient of 55oC to 58oC.
No secondary products were present indicating the specificity of the primers.
.

Root assay quantitative measurements of root attachment
In preparation for attachment analysis A. thaliana, both Columbia-0 wildtype and mutants that
have shown an attachment or growth phenotype in microscopy (Figure 3.7) were grown on
Murashige and Skoog plates (4.43g Phytotech MS salts +vitamins; 10g sucrose; 0.5g MES; 0.1g
Myo-inositol;10g Agar; pH 5.7 with 1M KOH) for 10 days. An overnight culture of A.
tumefaciens was prepared in 2ml of YEP media (Yeast extract- 10g, Bacto Peptone-10g; NaCl –
5g/ L). A. tumefaciens culture was serially diluted in increments of 1:10 to 102 cells/ml, cell
concentration was determined using OD600 measurements and previously established standard
curve. A. thaliana roots were cut to 0.5 cm segments, 10 segments were bundled and put in dH2O
with bacterial dilution and dH2O only for the control. The roots and bacterial cells were
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incubated together for 3 hours in tubes with rotation. After the incubation all the liquid was
removed by pipetting and replaced with the extraction buffer. Mericon DNA extraction kit for
Gram-negative bacteria was used to extract DNA by adding 100 µl of the Mericon kit extraction
buffer. Internal control DNA (Qiagen Quantifast Kit) was then added at 1 µl per sample.
Samples were mixed by vortexing to make sure all the roots were treated with extraction buffer
evenly. Samples were then incubated at 100oC for 10 minutes then cooled at room temperature
for 2 minutes. This was followed by centrifugation for 5 minutes at 12,700xg. Then 50 µl of the
supernatant containing extracted DNA and extraction buffer was transferred to a new 1.7 ml tube.
This sample was immediately used for qPCR or stored at -20 oC for up to 3 weeks.

Master mix for qPCR was prepared for the samples according to the PCR with Quantifast +
Internal Control kit Cat # 211352 (per 12.5 µl reaction – Master mix – 2.5 µl; Primers – 5 ng/ µl,
Hydrolysis probe – 2.5 ng/ µl and Template – 10 ng/ µl, dH2O - 6.25µl, Internal control dye –
1.25µl). The qPCR was run on the Rotor Gene Q machine in a two-step method with an initial 5
min hold at 95 oC. The second step of the run was 50 cycles of denaturation at 95 oC for 15s
followed by annealing and extension at 55oC for 30s.

In addition, because qPCR works best at lower template concentrations, all samples were
measured with the Nanodrop for the ng/µl nucleic acid amount and diluted to 5 ng/µl
concentration. They were loaded at 2µl per reaction making the final concentration 10 ng/µl for
all reactions. All samples for qPCR were biological triplicates, each of the triplicate samples
measured 3 times.
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qPCR run analysis
In addition to the experimental controls, the extraction and PCR step included an internal control
(Qiagen Quantifast Pathogen +IC kit; Cat # 211292). The internal control has a standard Cq (also
known as cycle threshold or Ct), a quantification cycle that is the threshold point of fluorescence,
to which all samples can be compared to and controlled for loading. Using the internal control
and at least two template DNA or cell number control concentrations of known quantity, the cell
number equivalent of the gene in the unknown samples can be determined. This copy number is
equivalent to the number of cells attached to the plant roots in the sample. The measurements on
the Qiagen RotorGene Q software 2.01 are done using the Cq values that are inversely related to
the cell number equivalent. The Qiagen RotorGene Q software 2.01 converts the Cq value to a
cell number equivalent per mL value according to the values on the standard curve. All samples
are performed as biological triplicates. The sample calculation is done through a standard curve
for reproducibility as the Cq for different runs inherently vary. All standards and information
requirements for qPCR outlined in MIQE were fulfilled (Bustin, et al. 2009).

When using qPCR the cell equivalents can be quantified and verified using the ∆∆Ct calculation
(Kenneth et al. 2001) or the absolute number calculation based on the standard curve (Smith et
al. 2005). As the ∆∆Ct requires a secondary reference gene from the bacterium in question and
is more often used for quantification of expression within the cell not the number of cells overall,
the standard curve analysis was used instead. The internal control from the Qiagen QuantiFast
Pathogen PCR + IC kit was used as a loading control for the standard curve. It is added at the
same concentration to every sample during the extraction process. All of the sample
measurements were then calibrated to the same level Cq of the internal control. The ∆∆Ct
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calculation, which requires a second run with the comparison reference standard, cannot be used
with the internal control so it acts as a loading control instead of a calculation comparison.

The data was then calibrated according to a standard curve in the Rotor Gene Q software 2.01
and normalized to the internal control Cq of 30. The cycle threshold was set using the internal
control provided in the Qiagen QuantiFast kit. Average and standard deviation for triplicates is
then calculated manually in Excel. The no template control (NTC) did not come up at all, thus
there is more than the required distance from the NTC to the first sample for it to be valid above
background contamination (Smith et al. 2008). The internal control acted as a stable calibrator
for all samples as the Cq for the internal control was to be set at 30 for all samples. (Figure 5.3)
The internal control was added prior to extraction of the DNA from the A. tumefaciens cells
attached to the roots, it calibrated for both extraction differences and loading variation between
samples. Statistic analysis was done on the samples using a t-test to determine the p-value. In
addition to that for the mutants the percent deviation from the wildtype was calculated.
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Figure 5.3: The figure shows replicates of A. tumefaciens C58 dilutions along with the internal
control.

Figure 5.3 (A) shows the A. tumefaciens extracted DNA dilutions with the hydrolysis probe
internal control. Figure 5.3 (B) is the internal control on the yellow fluorescence channel. Also
(B) shows a deviation at the 108 concentration in the internal control due to fluorescence transfer
which tends to occur when there is a high concentration in the sample with two-color qPCR.
Lower concentrations do not show this deviation and the internal control amplifies at the Cq of
30.
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Use of standard curve to set experiment controls.
Preliminary work was needed to accurately select the bacterial population that best shows
differences in attachment. Measurement of bacterial DNA at various concentrations will show
quantification comparison cell quantity predicted with OD600 measurements. An A. tumefaciens
culture was then diluted at a range of 108 to 102 cells/ml to create a range for the standard curve.
The samples were extracted and ran on the Rotor Gene Q machine determine what is the lowest
concentration that can be seen above the 3.3 Cq cycle cut of above the NTC (Figure 5.4). The
Qiagen Rotor Gene Q software 2.01 analyzed this data using a standard curve based on known
concentrations (Figure 5.5). The R2 for all runs performed is an average of 0.98 ± 0.01. The
efficiency for the curve is a little above the ideal 1.00 which can be accounted for in the
background fluorescence of the internal control.

Figure 5.4: The real-time qPCR curve of A. tumefaciens C58 cell dilutions

The curve shows cell dilutions of A. tumefaciens from which DNA was extracted for this
experiment. The leftmost is 108 cells/ml then 10-fold dilutions to 103. The NTC was removed for
clarity of figure; it increased above the base level but 3.3 cycles after the last experimental
sample.
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Figure 5.5: Standard Curve of the A. tumefaciens dilutions experiment in Figures 5.4 and 5.6

The Figure 5.5 is a standard curve produced by the Qiagen Rotor Gene Q software according to
predicted concentrations put in for standards. It shows biological triplicate samples of A.
tumefaciens C58 dilutions predicted concentration as measured via OD600 expected concentration
compared to the Cq measurement. The R2 is above the 0.95 requirement and the efficiency is just
above 1.00 because of internal control background fluorescence

qPCR analysis of A. tumefaciens C58 with Arabidopsis thaliana
qPCR detection threshold of A. tumefaciens C58
The results in Figure 5.6 show A. tumefaciens dilutions, including the blank with just the internal
control to show how much crossover fluorescence background from yellow to green channel are
occurring. The concentrations from 108 cells/ml to 105 cells/ml showed stable measurements.
Samples at 104 cells/ml and below are similar in value to the reaction with only the internal
control; they are too low to be read above this background (Table 5.6). This denotes that a
variation of more than 10,000 cells/ml is required to show a deviation from the A. tumefaciens
wildtype.

The standard curve (Figure 5.6) comparing the predicted OD600 measurement compared to the
qPCR result shows the internal control background interference below 104 cells/ml. Above that
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point, the measurements increase at a steady rate of one exponent below the prediction for 105
and 106 cells/ml, at the prediction level for 107 cells/ml and one exponent above the prediction at
108 cells/ml. The 108 cells/ml concentration likely gives the high reading because of template
saturation. The 107 through 105 cells/ml are the best concentrations to use for future experiment
work. The analytical sensitivity for this assay is 10,000 cells/ml, which is lowest number of cells
that can be accurately measured by this method. The accuracy increases with concentration.
Figure 5.6: Real-time qPCR of A. tumefaciens C58 dilutions.

OD600 cell
concentration
10^8
10^7
10^6
10^5
10^4
10^3
10^2
Internal Control

qPCR measured
concentration
9
2.70 x 10
7
3.86 x 10
5
3.22 x 10
4
3.17 x 10
3
3.41 x 10
3
2.99 x 10
3
1.00 x 10
3
2.60 x 10

Standard
deviation

±0.68 x 109
±0.08 x 107
±0.61 x 105
±0.69 x 104
±1.47 x 103
±0.41 x 103
±0.69 x 103
±0.37 x 103
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The Figure 5.6 shows A. tumefaciens
C58 dilutions measured in qPCR in a
standard curve of the A. tumefaciens
cell dilutions predicted by OD600
compared to the qPCR result. The
standard curve shows the 108 to 105
cells/ml range measurement is above
the background. This means 104
cells/ml is the limit of detection for
this assay.

Identification of lowest inoculation concentration of A. tumefaciens C58 with Arabidopsis
thaliana Columbia-0 wildtype measurable in qPCR

For attachment of A. tumefaciens to A. thaliana Columbia-0 wildtype a second dilution set was
used to inoculate the plant roots and select the best concentration for measurement of bound cells
to the plant. The concentrations of 108 through 103 were inoculated into samples with 10
Arabidopsis Columbia-0 roots each. After incubation they were extracted off the root then
measured by qPCR. The attachment showed to be ten times less than the concentration added to
the roots (Table 5.7). The A. tumefaciens-only samples were used as a comparison. The
inoculation concentrations of 107 and 106 give readings with the least variability in attachment
with both microscopy and qPCR and of these 107 cells/ml concentration gives the best range for
result analysis above the limit of detection and below saturation thus was selected as the
inoculation concentration for mutants (Table 5.7). The standard curve was used to select the best
concentrations to use for the experiments, this agreed with the previous choice of inoculation
concentration (Figure 5.8). The NTC did not come up at all so this run meets the qualifying
criteria for analysis. The internal control measurement was subtracted from all values as
background fluorescence for clarity. There was some measurement above that in the Columbia-0
only control because plant fragments that may have been transferred with the template are
autofluorescent plus plant DNA may be causing some interference as well.
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Figure 5.7: Agrobacterium attachment quantification to Columbia-0 wild type Arabidopsis roots.

OD600 cell
concentration
10^8
10^7
10^6
10^8 Columbia-0
10^7 Columbia-0
10^6 Columbia-0
10^5 Columbia-0
10^4 Columbia-0
10^3 Columbia-0
10^2 Columbia-0
Columbia-0 only

qPCR measured
concentration
8
1.04 x 10
7
1.10 x 10
6
1.18 x 10
6
2.06 x 10
5
7.49 x 10
5
4.78 x 10
5
2.03 x 10
5
1.68 x 10
2
1.95 x 10
4
4.43 x 10
3
3.52 x 10

Standard
deviation

The Figure 5.8 shows the dilutions of
A. tumefaciens as a control to show
±0.04 x 108
that differences between the different
±0.11 x 107
concentrations can be seen. The table
±0.07 x 106
shows the values from which the
±8.11 x 105
graph was made. The wild type
±0.59 x 105
Columbia- 0 was inoculated with five
±0.72 x 105
different concentrations of A.
±0.42 x 105
tumefaciens. In addition a control of
±0.77 x 105
plant roots only is included is a bit
3
above zero because plant fragments
±4.53 x 10
could be autofluorescent on the
±5.08 x 104
3
green channel and be read along with
±5.26 x 10
the probe. In addition it contains the
internal control background and plant
DNA that may increase the
background fluorescence. The standard curve shown is a comparison of OD600 predicted
concentration at inoculation compared to the qPCR concentration of A. tumefaciens cells bound
to Arabidopsis Columbia-0 wild type. This can be used to predict the qPCR result for
concentrations above 105 cells/ml. Below that concentration there is too much variation thus the
limit of detection in the assay with root segments included is 105 cells/ml. The error bars
represent the standard deviation of the qPCR measurements for each concentration. The internal
control measurement was subtracted from all values as background fluorescence for clarity.
Table shows the numerical values for the data graphed.
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Analysis of A. tumefaciens C58 with Arabidopsis thaliana mutants at two selected
concentrations.
The A. thaliana mutants that showed an observable difference from the wildtype in microscopy
were selected for qPCR. The readings were done at 107 cells/ml on biological triplicates for the
twelve mutants analyzed showed nine with significant difference in attachment from the wild
type and three that were within wild type range (Figure 5.8). Of the plant mutants with
significant differences two showed high attachment and seven showed low attachment. The high
attachment mutants were SALK_092212C and SALK_107941C. The plant mutants showing
lower attachment were SALK_040891C, SALK_094400C, SALK_003940C, CS321385,
SALK_101062C, SALK_023296C and SALK_085076C. This data shows that the A. thaliana
mutants can be differentiated quantitatively from the wildtype (Figure 5.8). Anything that is
statistically different from the wildtype zero value is an attachment mutant. Both of the RAT
mutants CS321385 and SALK_101062C showed lower attachment.
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Figure 5.8: A. tumefaciens attachment quantification of Arabidopsis mutants compared to
Columbia-0 wild type.

Sample
Agrobacterium only
Columbia -0
SALK_040891C
SALK_094400C
CS321385
SALK_023296C
SALK_101062C
SALK_003940C
SALK_107941C
SALK_085076C
SALK_092212C
SALK_016693C
SALK_139382C
SALK_007233C

10^7
7

1.71 x 10
5
3.54 x 10
5
4.17 x 10
5
3.80 x 10
5
4.16 x 10
5
4.58 x 10
5
4.37 x 10
5
5.37 x 10
6
1.43 x 10
5
3.34 x 10
6
1.57 x 10
5
5.46 x 10
5
4.90 x 10
5
9.93 x 10

Standard
Deviation

±0.14 x 107
±0.47 x 105
±0.49 x 105
±0.69 x 105
±0.65 x 105
±0.18 x 105
±0.16 x 105
±0.55 x 105
±0.31 x 106
±0.78 x 105
±0.47 x 106
±1.35 x 105
±0.63 x 105
±1.15 x 105
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Figure 5.8 shows Arabidopsis
thaliana mutants analyzed for
attachment with qPCR. All the
samples were inoculated at 107
cell/mL concentration and then the
DNA template concentration
calibrated to 10µg/reaction. All of the
mutants are compared to the wildtype
attachment which is set at zero.
Anything significantly below or
above that has an attachment mutant
phenotype. The p-value is noted a *
is less than 0.05 and ** if less than
0.005 according to the t-test.
The table shows the values from
which the graph was made. The
measurement of the internal control
background fluorescence was
subtracted from all values.

Summary of the results in comparison to microscopic analysis of
attachment
Between the previous microscopy analysis and the new qPCR analysis there was disagreement
for some of the mutants (Figure 5.9). This could be due to the subjectivity of the qualitative
microscopic measurement and the extra manipulation of the quantitative qPCR measurement.
The extra manipulation in the qPCR removes these loosely bound clumps off the roots before
DNA extraction. Clustered-binding is easier to see with microscopy than more spread-out
binding throughout the root, making it more difficult to tell whether a mutant has low attachment
overall or lowered attachment at the root hairs only. Single layer of cells attaching to the root or
stem are more difficult to see than at the root hairs as microscopy shows the sample one section
at a time (Figure 5.10). This is a limitation of microscopy because of the size difference of roots
to bacterial cells. This could mean that the low attachment A. thaliana mutants in microscopy
might actually have greater attachment rates such as SALK_107941C, SALK_139382C, and
SALK_016693C. The mutants that showed as high in microscopy, SALK_085076C and
SALK_040891C were measured as low in qPCR. Both of these A. thaliana mutants produce
large clumps near the root hairs (Figure 3.4), which possibly causes stronger clumps of A.
tumefaciens cells instead of binding to the plant. This was observed in further microscopy
analysis of SALK_040891C in chapter 6.
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Table 5.9: Summary of A. tumefaciens C58 to Arabidopsis thaliana mutants compared to the
microscopy results.
The original gene code and the
associated mutant seed stock are
noted. Attachment and the qPCR
results do not agree for half of the
results. Mutants that were low in
microscopy are highlighted green
and mutants that were high in
microscopy are orange. The qPCR
double reading notes the difference
between the reading at 107 and
106cells/mL. The low attachment
mutants according to microscopy are
in green and high attachment in
orange. Mutants that are not
highlighted showed a wildtype
phenotype in attachment.
Figure 5.10: Attachment variation in A. tumefaciens to A. thaliana mutants.

Figure shows two models of attachment that is more likely to have variable results between
microscopy and qPCR. The left model showing spread out attachment of individual cells
throughout the root having about the same amount of attachment overall as wildtype but are
harder to see in comparison to the large root segment. These would be missed in microscopy but
shown in qPCR analysis. The left model shows clumping around the root as seen in some of the
high attachment mutants. This clumping is very visible on microscopy but doesn’t necessarily
mean there is strong attachment to the root segment. Instead these clump to bacterial cells and
loosely bind to the plant. The qPCR procedure manipulation removes this very loose attachment
along with the clumps showing these mutants as low attachment.

84

Discussion
The attachment of A. tumefaciens C58 to the mutant stocks of Arabidopsis thaliana measured by
qPCR exhibits some differences compared to the wildtype. The plant controls show that you can
differentiate between attached concentrations reliably down to the 105 cell/ml inculcation
concentration using this method. The analysis of mutants shows differentiation of plant mutants
from the wildtype with the qPCR assay methods. It is a faster method for determining which
mutants have lower or higher stable attachment that is less sensitive to contamination than the
colony counting method. For transient or clumping attachment analysis other methods, such as
microscopy, need to be done in addition to it to show the difference from stable attachment
(Figure 5.10). The mutants were further analyzed for transformation in chapter 7.

The possible problems with this method are that there is always some variation with hydrolysis
probe measurements even using the same reagents. There is some probe degradation over time
and no two probes are exactly the same. Even probes manufactured by the same company
experience variation. There are also possible inhibitors in the cell DNA template sample even
after extraction, which could contribute to a higher background making it difficult to differentiate
between samples at lower concentrations and lowering the sensitivity of the assay. All of this is
accounted for in this set up with inoculation concentrations being high enough to show above the
background.

The mutants that showed deviation in attachment are useful in understanding the attachment
mechanism. The missing gene might be producing something that is an attachment factor itself,
a structural element that holds or transports the attachment factor. This attachment factor could
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also be a signaling molecule in the pathway involved in attachment that activates the attachment
factor. The high attachment mutant could be involved in repressing the attachment factor or
function in cell defense itself or in the pathway. If the step in defense is reduced then there may
be more chance for A. tumefaciens to attach without being degraded by plant defenses. All the
mutants selected have a known T-DNA insertion mutation knocks out at least part of the gene
function. The missing gene and putative protein are known and function of it can be inferred
from the bioinformatic analysis and the phenotype it exhibits as discussed in chapter 8.

The mutants SALK_040891C and SALK_085076C showed high attachment in clumps around
the root hairs in microscopy but had very low results in qPCR. The large bacterial clumps they
form appear to attach loosely to the plant and strongly to each other (Figure 5.10). In microscopy
these clumps remain intact when the root is transferred to the slide but are removed when all the
liquid is removed from the roots during the qPCR assay DNA the extraction buffer step, showing
lower attachment with this assay as compared to microscopy.

The q PCR method can be part of the screening protocol of new attachment mutants as it has
shown to produce replicable results for stable attachment of A. tumefaciens to plant roots and
show signs of transient or clumping attachment when paired with microscopy. It would work
best in conjunction with microscopy to identify attachment that is difficult to see and
differentiate cell clumping around the roots from attachment. This method can be applied to any
plant part or size of plant. It can also be applied to other bacterial and fungi interactions that
involve cell binding to the plant.
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6. Identification of Arabidopsis thaliana SALK_040891C
mutant effects on A. tumefaciens
Introduction
The mutants selected for this study through TAIR and provided through the SALK Institute were
analyzed with both microscopy (Chapter 3) and qPCR (Chapter 5) (Lamesch, et al., 2011;
Alonso, et al., 2003). Several of these mutants showed phenotypes differing from the wildtype in
attachment. Some were lower and others were higher. Two these mutants came from the same
possible protein family, the leucine-rich repeat extensin (LRX). In microscopy one mutant
SALK_040891C showed very high attachment with clumps of bacterial cells around the root but
in qPCR it appeared as a low attachment mutant. The other mutant SALK_094400C had low
attachment in both microscopy and qPCR. The protein for the gene affected in SALK_040891C
is suggested to function in cell wall structure and protein binding. Leucine-rich extensins appear
to help form the basic matrix of the cell wall (Baumberger et al., 2003).

To try to find out why the SALK_040891C mutant showed very high attachment and A.
tumefaciens clumping in microscopy but lowered attached cell measurement in qPCR, more
analysis was done. It is possible that A. tumefaciens has loose transient attachment to the roots of
the plant but causes strong clumping of A. tumefaciens cells instead. If the cells are not bound to
the roots strongly they can be removed during the qPCR but remain visible near the roots in
microscopy. To test if that is the case, several preliminary microscopic observations were done,
using the water that the mutants’ plant roots were incubated in as a conditioned media. This plant
mutant appears to release substance that causes increased A. tumefaciens clumping but not
binding to substrate. Some preliminary observations on the content of this release substance were
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made with protein and sugar analysis assays. Further work will be done on this mutant in a later
study to determine the total content of the release substance and how it interacts with the bacteria.

Materials and Methods
Conditioned media
Arabidopsis plants were grown according to the standard protocol described in the microscopy
chapter (3). Roots were cut into 0.5 to 1 cm segments and placed in bundles of 10 into 1ml of
water overnight to make a “conditioned medium.” The samples were stored long term at -20 oC.
The liquid without the roots was the conditioned medium used for all experiments in this chapter.

Microscopy protocol
Samples were prepared by introducing a 108 concentration of bacteria to the conditioned medium
then incubating for 3 hours with rotation. The sample was stained by the addition of 5 µl of 1%
safranin to the sample tube and allowed to stand 5 minutes to stain. A slide was prepared by
transferring 20 µl of the sample from the bottom of the tube on to the slide and covering with a
cover slip. The sample was observed under light microscopy at 100X DIC.

Microscopy treatments
The heat treatment performed on all heat-treated samples was 10 minutes at 100oC. Phytotech
Onozuka P-10 cellulase was added to the samples at a concentration of 0.5% per total volume
and co-incubated with the plant extract for 30 minutes before inoculation with A. tumefaciens
C58. Proteinase K was added at 1 µg/ ml concentration and treated the same as cellulase. Trypsin
was added at 0.5% concentration per total volume.
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Plant conditioned medium content analysis
Sample preparation for protein assays was done by lyophilizing all samples using Labconco
Freezone 4.5 lyophilizer, then resuspended in the buffer required for the specific assay in which
the sample was used. For most experiments the samples were resuspended in sterile dH2O. For
the BCA assay the Micro BCA protein assay kit and protocol from Thermo Scientific/Pierce
(Prod # 23235) was used. A Biotech Synergy 2 Micro plate reader was used for the readout.
For the Bradford assay the Bio-Rad Kit was used. This method uses Coomassie Brilliant Blue to
dye proteins. Protein standard used is bovine serum albumin (BSA).

For the Native PAGE a Bio-Rad kit and prepared gel were used. The sample was prepared by
resuspending the lyophilized sample in 20 µl of dH2O. The 5 µl of native PAGE buffer (BioRAD) was mixed with 5 µl of sample. The resulting 10 µl samples were loaded in the pre-set gel
(Bio-Rad). This was run at 100V for 1.5 hours or until the loading dye reached the bottom. The
gel was removed and put it in staining buffer. Staining was done with Coomassie stain and with
the Bio-RAD Silver staining kit and protocol.

The Anthrone micro plate method, standardized for laminarin, invertase and mannose, was used
to determine the possible sugar content in the conditioned medium. The glucose standards were
prepared using stock samples of 100µg/mL and 400µg/mL. Then the Anthrone reagent was
prepared using 0.1% anthrone (Sigma) in 98% H2SO4. To 50µL of sample 150µL of 0.1%
anthrone reagent was added. The plate was incubated for 10 min at 4oC then, incubated
immediately after at 100 oC for 20 minutes. It was then allowed to cool it to room temperature
and read at 630 nm. Samples were analyzed using a standard curve.
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SALK_0404891C mutant segment released substance caused more A.
tumefaciens cell clumping compared to wild type Columbia-0 water
conditioned with SALK_040891C roots.

The Arabidopsis SALK_040891C mutant showed much greater attachment than the Columbia-0
wild type (Figures 3.3 and 3.4). The clumping increased greatly over time as shown at both 3
hours and 24 hours (Figure 6.1). The attachment was visible as large clumps of Agrobacterium
cells around the root hairs. The clumps looked loosely globulous and spread out widely from the
root hairs. They were not closely attached to the plant itself.

The SALK_040891C clumping is possibly caused by something released by this mutant. Liquid
used from the plant roots without the roots themselves produced a clumping reaction. The
wildtype roots produce only minor clumping of A. tumefaciens but SALK_040891C caused
much larger clumps to form. The morphology of the clumps is different between the mutants and
the wildtype. (Figure 6.2) The SALK_040891C mutant produced light-colored sheets of loosely
bound cells in a matrix of some kind that did not occur in the wild type at all, as shown with the
arrow.
Figure 6.1: The mutant Arabidopsis thaliana SALK_040891C has the most significant increase
in A. tumefaciens attachment.

The Figure 6.1 shows attachment at (A) 3-hour 100x and (B) 24-hour incubation at 60x showing
the clumping amount. This mutant showed an impressive amount of attachment compared to all
other mutants and the wild type.
90

Figure 6.2: A. tumefaciens C58 treatment with plant conditioned media extract of Arabidopsis
thaliana Columbia-0 wild type and SALK_040891C mutant.

Clumping levels of A. tumefaciens were compared between the blank water control, the wild type
A. thaliana Columbia-0 plant extract and the SALK_040891C mutant plant extract after 3 hours
co-incubation. The plant extract was then heat treated at 100oC for 10 minutes to and evaluated
for clumping as well. The SALK_040891C has higher clumping than the bacteria only as well as
Columbia-0, in both standard and heat-treated sample. Heat treatment does reduce clumping a bit.
The clumping in the bacteria only sample and the Columbia-0 are about the same.

Properties of the substance released by SALK_040891C

Plant conditioned medium tested for heat sensitivity
Heat treatment of the conditioned medium before A. tumefaciens inoculation reduced the
clumping in both wild type and SALK_040891C but, larger clumps were still present in the
mutant sample, suggesting that part of the clumping factor was gone but something is still
functioned. The heat-treated samples were missing the sheets of matrix in the mutant. (Figure
6.2) It is likely that what caused clumping is made of multiple components. The component that
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may be causing the sheets seemed to be deactivated by heat but the clumping component did not
appear to be.

Plant conditioned media tested for possible protein content with proteases
Samples were treated by two proteases, trypsin and proteinase K. Treatment with proteases
caused the unanticipated reaction of increasing clumping in all samples but especially high in the
SALK_040891C mutant. Trypsin caused an overall increase in clumping even with the A.
tumefaciens C58 only control. So it is likely that the bacteria binds to what is released because of
degradation by the bacterium or trypsin itself, even in the absence plant extract. Proteinase K on
the other hand caused a slight increase in clumping in the A. tumefaciens control but had a
comparatively huge clumping increase in both wild type and mutant plant medium-containing
samples. Both proteases caused a similar type of clumping in tight globule formation that was
different from the normal extract. There was a gelatin like matrix around the clumps as well in
which cells loosely aggregate. The proteases were either triggering increased clumping by them
or they changed the clumping factor in a way that caused increased and tighter attachment of A.
tumefaciens cells. (Figure 6.3)

To test if it is the proteinase K itself caused increased clumping, it was heat-treated before being
introduced to the plant extract to see if it would change the binding when inactive. The resulting
binding was closer to the samples without protease, only with the loose sheets appearing again in
the mutant, and smaller medium tightness clumps in the wild type.
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To see if the clumping is caused by a change in the extract, protease K was introduced into the
plant conditioned media for a half hour then, both wildtype and mutant conditioned media were
heat treated before inoculation with A. tumefaciens. The controls samples of bacterial cells only
or wildtype Columbia-0 extract media, showed reduced clumping so that heat-treated
components did not affect them. The SALK_040891C mutant has the opposite result: very large
and dense clumps with the clear loose matrix of cells around them. It is likely that the proteinase
K changes the released clumping factor in such a way that makes it more adhesive. As both the
proteinase K and the released attachment factor were heat treated before introducing bacteria and
still induced clumping, it is likely a physical reaction to the shape of the clumping factor or
proteinase K (Figure 6.3). The proteinase K might not have been fully denatured by heat
treatment; further work will need to be done to test this.
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Figure 6.3: Figure shows analysis of Arabidopsis thaliana Columbia-0 and SALK_040891C
plant conditioned media extract and the A. tumefaciens C58 only control treated with proteases.

Figure 6.3 shows that treatment with proteases increases clumping in A. tumefaciens C58. There
is a slight increase in the bacteria-only control in the proteinase K and trypsin samples. This
increase is negated when proteinase K is heat-treated. In the Columbia-0 extract the increase in
clumping produced by trypsin is minor but very strong in the proteinase K sample. Heat
treatment of proteinase K at 100oC for 10 minutes before or after combining it with plant extract
caused a reduction in clumping in the Columbia -0 samples. In the SALK_040891C clumping is
greatly increased in all cases. Proteinase K when active and when heat-treated after introducing it
to the plant extract, causes dense large clump formation with a gel like clear matrix around them.
Heat-treated proteinase K before plant extract inoculation produces the thin sheet clumps seen in
the untreated sample (Figure 6.2) and trypsin causes both sheets and dense but smaller clumps.
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Plant conditioned media treated with cellulase
During the infectious process A. tumefaciens produces cellulose fibrils to bind to the plant host
and to each other. As a preliminary observation, cellulase was added to the conditioned media to
observe its effect on clumping. This caused A. tumefaciens to form numerous smaller loose
clumps to form, more than with just water or protease. The clumps formed by the wildtype plant
extract were the same size but looser, suggesting that cellulose, or some other substance the
cellulase is affected, was holding them together. The mutant showed looser clumping and
slightly smaller size than compared to the tighter clumps it produced without cellulase treatment.
SALK_040891C still produced the thin matrix sheets showing that they were not affected by
cellulase.

To check if the bacteria were interacting with cellulase itself, it was heat-treated before
introduction to the plant liquid or bacterial cells. This caused large clumps of the same type to
form in all of the samples. The loose sheets in the mutants were not present in this sample. The
cellulase in itself, once heat-treated, may be giving the bacteria a binding substrate onto which to
clump.

In addition, cellulase was introduced to the plant liquid then both were heat treated to see if
cellulase changed components of the plant liquid that may cause clumping in any way. This heat
treatment reduced clumps in both the A. tumefaciens-only sample and the wildtype. In the mutant
there were smaller and looser clumps but they were more numerous. So some part of the
clumping factor remained but the denatured cellulase did not act the same way on the bacterial
cells. (Figure 6.4)
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Figure 6.4: Figure shows analysis of Columbia-0 and SALK_040891C plant conditioned media
extracts and the A. tumefaciens C58 only control treated with cellulase.

The addition of cellulase to the water and plant extract before inoculation with bacteria causes a
slight overall increase in the number of clumps. In the Columbia-0 and the SALK_040891C
sample they become looser and less dense compared to the untreated samples in Figure 6.2.
Heat-treated cellulase, before introducing it into the plant extract, causes larger and medium
denseness clumps overall. Heat-treating the cellulase after introducing it to the plant extract
causes an increased number of loose clumps in samples with plant extract, and lower or same as
control number of clumps in the bacteria only sample.
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Preliminary content analysis of the substance released by Arabidopsis
thaliana SALK_040891C compared to Columbia-0 wild type.

Preliminary analysis with Bradford and BCA assays for presence of protein
The sample was preliminarily tested with the BCA and Bradford show results. The Bradford
Assay used Coomassie staining and it did not react to the protein at all and thus did not turn blue.
Coomassie does not work with this protein so should not be used for either an assay or gel
staining. Coomassie stain uses brilliant blue which works better with basic proteins, suggesting
that this secreted substance is acidic (Diezel et al., 1972). The BCA assay, which uses copper
ions in detection, showed a color change when the samples were added, indicating some protein
content. This assay will need to be repeated with a diluted gradient of the sample to get the
protein content amount.

Native PAGE
Native PAGE analysis required silver staining, as the extract does not react with Coomassie
Brilliant Blue. The silver staining showed a smear at the top of the gel for both the wild type and
SALK_040891C mutant. The size of the smear was larger in the SALK_040891C mutant
comparatively (Figure 6.5). This could be because there was more of the sample in the mutant or
the mutant releases more substance than the wild type. Further work will be needed to determine
this.

97

Carbohydrate analysis - Anthrone assay
Preliminary analysis with the anthrone assay showed that carbohydrate is present in the mixture
of both the wildtype and mutant though it was inconclusive as to which ones and how much.
Further work would be needed to determine exact content (Table 6.6).

Figure 6.5: Native PAGE comparison of A. thaliana lyophilized plant extracts of Columbia-0
and SALK_040891C.
Figure 6.5 shows two smears for the extracts
at the top of the gel. The SALK_040891C
had a slightly larger smear, which likely
means that there were more protein
components released than in the wild type.
Gel was stained with silver staining.

Table 6.6: Figure shows the preliminary results of the Anthrone assay measuring the sugar
content of the plant conditioned media extract. Numbers shown in Table 6.6 are of lyophilized
conditioned media measured for the content of sugars in the anthrone assay.

Samples on
Anthrone
Columbia-0
SALK_040891C

Hexose
Equivalent
Concentration
per mg
6.2
34.9

Average
0.083
0.232
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Discussion
The substances released into the water by both the wildtype Columbia-0 and the
SALK_0404891C mutants are a mix that contains at least some protein and carbohydrates. Other
substances may be included but that has not been determined yet. The mutant releases both a
larger amount of the mix and a slightly different mix because it reacts differently to both the
bacterial cells and reagents added. Some of the protein components might be large in size or in a
spread out conformation as it stayed at the top of the gel. Nothing smaller was visibly detected
on the gel.

Heat-treated cellulase and protease in any form appear to increase the clumping of A.
tumefaciens C58 suggesting that the bacteria could be binding to the enzymes, or the enzymes
are modifying this conditioned medium in such a way that it increases cell clumping. According
to these preliminary tests, something could possibly be opening up new binding sites for the cells
to bind to, as the attachment after protease treatment is much denser and stronger, but the results
are so far inconclusive.

The preliminary analysis showed that this released substance might be causing an increase in
attachment but not to the plant or substrate surfaces. Instead it appears to focus attachment to a
bacterial cell-cell interaction. This mutant shows lowered attachment as measured in qPCR, but
high visible attachment and clumping near the root hairs in microscopy, and low transformation.
It is likely that the attachment of A. tumefaciens to this mutant plant is transient or causing
clumping of the cells near the root but not to the root itself.
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7. Tumor assay Analysis of A. tumefaciens C58
transformation to Arabidopsis thaliana mutants

Introduction
Microscopy and qPCR in the previous chapters analyzed the attachment phenotype of the
selected SALK mutants. For many of these mutants neither attachment nor transformation has
been analyzed. Only the rat mutants had been determined in a previous study to be low in
transformation (Nam et al., 1999). Transformation and attachment are two separate steps in the
infection and transformation process so the attachment phenotype shown by microscopy and
qPCR cannot tell us about the transformation rate of any of the mutants. The tumor assay will
show the amount of stable transformation occurring in the mutant plant host. Transformation was
analyzed for several of the SALK mutants selected, including some of the attachment mutants.

While transformation is not a direct measure of attachment, it does show if some attachment
occurred as A. tumefaciens must attach at least transiently to be able to transfer the T-DNA to the
plant. Higher the attachment may cause a higher transformation if the transformation frequency
is wildtype of higher. A higher attachment amount can also hide a lowered transformation
frequency, as higher attachment means more chances for the bacteria to transform the plant cell it
is attached to. A low attachment mutant on the other hand can have low transformation due to
low opportunities for gene transfer, or have closer to wildtype transformation if the
transformation frequency is high. Combining the information on attachment and transformation
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can give a better view of which part of the process is affected by the mutation and what genes
could be involved.

Materials and Methods
Arabidopsis Root Transformation Assay

For A. tumefaciens infection of the plant the roots were cut from the plants then cut into 0.3-0.5
cm long segments. They were then gathered into bundles of root segments and transferred onto
MS Basal medium plates without antibiotics. Then100 µl of A. tumefaciens at 106 cells/ ml
concentration in dH2O was pipetted over the root bundles and left for ten minutes at room
temperature. The excess liquid was removed from the bundles, the plate sealed with Parafilm and
co-cultured for 40-50 hours in an incubator at 20°C. After 40-50 hours of co-cultivation, the
roots were transferred to MS basal medium plates that contained 100 µg/ml Timentin. The plates
were sealed with double layers of Parafilm tape and placed in a room temperature incubator for
4-5 weeks. At around 2 weeks of infection small tumors appeared and were counted.
Transformation is calculated as the percentage of tumor formation on the cut ends of each root
segment (Gelvin, 2006).

Transformation of Arabidopsis thaliana mutants with A. tumefaciens C58.
The transformation of mutants was analyzed by percent of root ends that showed tumor
formation at inoculation concentration of 106 cells/ ml. The transformation rate of the plant
mutants was compared to that of the Columbia-0 wildtype, which is set at zero (Figure 7.1).
Anything 5 % lower or higher was considered a mutant phenotype. High transformation is seen
in SALK_073433C, SALK_089247C and SALK_089016C, and low transformation in
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SALK_117268, SALK_040891C, SALK_094400C, SALK_092212C, and SALK_101062C. The
mutants CS321385, SALK_085076, SALK_038431C, SALK_023296C and SALK_039936C
showed average transformation rates (Figure 7.1).
Figure 7.1: Transformation of Arabidopsis thaliana Columbia-0 wild type and mutants with the
tumor causing A. tumefaciens C58.

Mutant plant

SALK_040891C
SALK_117268
CS321385
SALK_085076C
SALK_089247C
SALK_039936C
SALK_089016C
SALK_038431C
SALK_023296C
SALK_073433C
SALK_101062C
SALK_092212C
SALK_094400C

Percent
different from
wildtype
-5
-5
4
-1
11
0
10
3
1
8
-6
-7
-7

Figure 7.1 shows the percentage of tumor
formation on the cut ends of root segments of
the wild type Arabidopsis Columbia -0 and
several mutants. This percentage is the
transformation rate of the plant. The
percentage of attachment is shown as a sum of
all the experiments. Any mutant that is 5%
above or below the wildtype transformation
rate set at zero has a transformation phenotype.
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Comparison of transformation to Microscopy and qPCR results in
attachment.
The transformation assay and tumor production were compared to both the microscopy and
qPCR results for the plant mutants tested with all three (Figure 7.2). As Figure 7.2 shows, the
transformation of these A. thaliana mutants spans the range of both low and high backs up the
variability of the SALK_040891C mutant in microscopy and qPCR results. The low reading in
qPCR of SALK_040891C was likely because its attachment to the plant roots is loose and
transient, as shown by further analysis of the released factor from this mutant (Chapter 3 and 6).
The SALK_094400C mutant is low in microscopy, qPCR and transformation. This mutant is
missing a gene in the same family as the SALK_040891C, the LRX family that is part of the cell
wall. The SALK_040891C is low in both qPCR and transformation as well but shows large
amounts of clumping of bacterial cells near the root which looks like high attachment in
microscopy.

The mutant SALK_023296C shows high transformation while it is average in qPCR and low in
microscopy. The attachment for this mutant is probably spread out and somewhat loose. The
transformation on the other hand is very efficient. SALK_085076C had high attachment in
microscopy, low in qPCR and average to high transformation. This high attachment is likely
loose, similar to SALK_040891C, but the transformation rate of this mutant was much more
efficient. SALK_092212C had slightly higher than average reading in qPCR but otherwise was
average in both attachment and transformation. More work will need to be done on this mutant to
determine why that is but it is deficient in transformation because the mutation affects a later step
in the process.
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The SALK_101062C and CS321385 mutants are rat1 and rat3 mutants, both had low visible
attachment in microscopy and variable results in qPCR. The transformation of
SALK_101062C/rat1 is very low and the CS321385/rat3 mutant shows a stable average range
transformation rate on plates with sucrose, which agrees with previous research (Nam, et al.,
1999). CS321385/rat3 attachment and qPCR inoculation and incubation were done in dH2O,
without sucrose, which can account for the lowered attachment. The transformation rather for
this mutant would likely lower if incubation was done on plates lacking sucrose (Table 7.2).

Table 7.2: Comparison of attachment results in microscopy and qPCR with transformation.
Comparison of microscopy, qPCR and transformation results for the attachment mutants
identified by microscopy. The low attachment mutants according to microscopy are in green and
high attachment in orange. Mutants that are not highlighted showed a wildtype phenotype in
attachment. All of the mutants missing from the graph will be analyzed for transformation in a
later study.
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Discussion
There were some high transformation mutants that were low or average attachment in
microscopy and qPCR. These are likely spread out evenly in attachment as seen in Figure 3.10
and have a higher transformation efficiency than the wild type. So these are transformation, not
attachment, mutants. This is seen in SALK_073433C, SALK_089247C and SALK_089016C
which had average attachment in microscopy. . For some, even if attachment is low, with
transformation has a very high efficiency, it may show higher than expected tumor formation.

The mutants that were high-attachment in microscopy but low in qPCR most likely show
transient attachment as suggested in chapters 3 and 6. The qPCR assay has more manipulation of
the sample that could pull off the clumps of A. tumefaciens cells that are in tightly bound clumps
to each other but loosely bound to the plant as was shown with SALK_040891C mutant.
Transformation of these could show the rate of transformation that is wildtype or higher because
more cells are drawn near to the roots. In SALK_040891C mutant the clumping of the cells is
high but attachment and transformation is low. The lack of attachment is inhibiting the
transformation even when there are a lot of cells around the root segments. Transformation is
not a good measurement of attachment, as shown by SALK_073433C, SALK_089247C and
SALK_089016C mutants but it can help build a picture of the transformation process and how
the different types of attachment are involved in it.
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8. Bioinformatics analysis of identified attachment and
transformation mutants

Introduction
Attachment microscopy, qPCR and tumor assay have shown some phenotypes in the mutants
selected for the study (Figure 7.2). These phenotypes are in attachment, morphology and
transformation. In addition, previous analysis of the mutant SALK_040891C shows that it
releases a factor that causes clumping of bacteria but does not attach strongly to the plant. For all
of these the information of which gene is affected by the T-DNA insertion is available in TAIR
(Figure 2.1). As the DNA and possible protein sequences are available to us, bioinformatics
analyses were used to help determine the possible mechanism of action of the putative genes and
proteins affected in the attachment mutants studied in the previous chapters. This was carried out
using the gene and protein sequences available in the TAIR and UniProt databases. Further
analysis was carried out using several online databases and tools available to determine what
functional domains were present in the attachment mutants selected by microscopy. Secondary
structure prediction and comparative modeling was performed on the LRX family of proteins,
two of which were identified as attachment mutants through microscopy and qPCR.

The attachment mutants selected from TAIR were produced with T-DNA insertion by the SALK
institute (Alonso et al., 2003). They were chosen according to the information available in TAIR
on the affected proteins’ putative localization to the cell wall or the cell membrane in the root of
Arabidopsis thaliana. In addition mutants with genes similar to the families functionally related
to the previously studied RAT mutants were selected (Nam et al., 1999). All the mutants
analyzed showed root expression of the gene using the GUS marker in the T-DNA insertion in
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previous study analysis (Duarte et al., 2005). The leucine-rich repeat extensin (LRX) family was
represented in two attachment mutants observed in the previous chapters. The SALK_094400C
insertion in lrx3, a low attachment mutant, and SALK_040891C in lrx6, a high attachment
mutant, are possibly involved in both cell wall structure and pathogen interaction (Bayer et al.,
2006). The two produced differing results from each other in microscopy, and SALK_040891C
was shown to release an unknown substance that appears to cause A. tumefaciens cell clumping,
as shown in the previous chapter. Analysis of this family, and especially these two genes and
their putative protein products, could yield some information as to why this clumping and the
attachment phenotype may be produced.

Materials and Methods

The selection of mutants, gene sequences and the preliminary protein information was gathered
from The Arabidopsis Information Resource (TAIR) (Lamesch et al., 2011) and UniProt
(Magrane et al., 2011). Further domain analysis was done with Pfam, Conserved Domain
Database (CDD), and Simple Modular Architecture Research Tool (SMART) database research
tools, all of which use hidden Markov models built on multiple sequence alignments (Finn et al.,
2006; Marchler-Bauer et al., 2013; Schults et al., 1998; Letunic et al., 2012). They show possible
functional domains in the submitted sequence according to sequence similarity to known
domains or functional protein sequences. Comparison to conserved domains and similar proteins
was done for all attachment mutants with the help of the Conserved Domain Architecture
Retrieval Tool (CDART) and CDD conserved domain tool to determine if they have a known
conserved domain (Geer at al., 2002).
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Further analysis of the LRX protein family was performed to look at functional elements such as
leucine-rich repeat (LRR) location and repeat number, possible glycosylation sites, and signal
peptide sequence using LRRfinder (Offord et al., 2010). Extensin repeats were identified using
RADAR online server (Heger and Holm, 2000). To find the membrane orientation of the protein,
transmembrane domain, signal sequence and cleavage site the program TMHMM, which uses
hidden Markov models, Phobius, a transmembrane protein topology and signal peptide
prediction tool that is based on the hidden Markov model as well. In addition PSORT was used
for transmembrane topology with the ALOM2 algorithm, cleavage site analysis that uses a
combination of McGeoch’s method and von Heijne method in a program called Lipop, and
membrane topology was determined via MTOP which used the Heartman et. al method (1989;
Krogh et al., 2001; Sonnhammer et al., 1998; Nakai and Kanshita, 1999; Lukas et al., 2007).

For the LRX family modeling a multiple sequence alignment was done in Clustal Omega and
visualized with GeneDoc (Sievers at al., 2011; Nicholas et al., 1997). Sequences of homologous
proteins were determined using the TAIR and UniProt BLAST tool (Altschul et al.1990). The
phylogenetic tree analysis of the LRX protein family, as well as both LRR and extensin domains
of this family, was done with Clustal Omega. The LRR domain was found to be conserved in all
of the LRX proteins and modeled with homology modeling using the best template from the
Protein Data Base (PDB) (Bernstein et al., 1977). Secondary structure prediction analysis was
performed using Scratch server which includes SSPro3 and SSPro8 algorithms and Psi-blast
based secondary structure prediction (PsiPred) algorithm tool. These predict secondary structure
and measurement relaibilty score for the secondary structure prediction for the LRR domain
alignment and extensin domains of all of the LRX family members (Cheng et al., 2005; Buchan
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et al., 2013; Jones, 1999). Modeling of tertiary structure of the LRR domain was performed
using Swiss Model, HHPred, and the Learning, Observing and Outputting Protein Patterns
(LOOPP) servers (Biasini et al., 2014; Arnold et al., 2006; Kiefer et al., 2009; Guex et al., 2009;
Soding et al., 2005; Brinda et al., 2009). Swiss Model uses sequence homology to the local
server protein database based on ProModII to produce the protein model. HHPred builds the 3D
model using MODELLER software, and LOOPP uses fold recognition and homology modeling
to produce the model. The models created by the modeling software were then analyzed by
Verify3D and ProSA for energy compatibility between the protein sequence and the 3D model,
and statistical potentials (Bowie et al. 1991; Luethy et al.1992; Weiderstein and Suppl, 2007).
Tertiary analysis of the extensin domain could not be performed with homology modeling as no
homologous template with a known structure could be found.

Domain analysis of identified mutants

All of the mutants that showed microscopy differences in attachment in the microscopy chapter
(3) were looked at for functional domains using SMART, CDD and PFAM database search tools.
The associated genes listed in Figure 8.1 represent proteins with a variety of domains and
functions. According to the TAIR database these genes produce hypothetical proteins that are
mostly localized to the cell wall and cell membrane area. Due to this location these putative
proteins are likely to have at least one transmembrane domain. The most common location of
this domain in the selected proteins is on the N-terminus according to the SMART domain
database.
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Many of the attachment mutants have the T-DNA insertion in proteins that contain low
complexity regions (LCR). These are usually found from the center to the C-terminus region of
the protein. These regions have fewer amino acids represented and are highly varied across
protein families. They appear in various lengths and arrangements (DePristo et al., 2006). These
regions are hard to model because of their variability and lack of representation in the PDB
(Fondon and Garner, 2004). LCRs are prone to recombination and mitotic events, are usually
important to flexible binding and tend to have more protein-binding partners (Verstepen et al.,
2005, Moxon et al., 1994). Terminal LCRs, at either end of the protein, are more likely to
function in protein binding and stress response interaction, while central LCRs are more likely to
participate in kinase functions (Coletta et al., 2010). LCRs can be rich in a specific amino acid,
as seen in the LRX family where the proline-rich extensin shows up as an LCR in domain
analysis.

Several other mutants in the group have unique domains. Fasciclin is an ancient plant and animal
extracellular cell adhesion domain, which is sometimes found in bacterial proteins as well
(Humer and Sumper, 1994). The heme-peroxidase domain is found in enzymes that use
hydrogen peroxide as an electron acceptor to catalyze oxidative reactions and aids in hydrogen
peroxide removal in plants (Dalton, 1991). The lysine motif (LysM) domain is found in a variety
of enzymes that bind peptidoglycan and work in degradation of the bacterial cell wall (Joris et al.,
1992; Bateman and Bycroft, 2000). The HSP70 domain family is found in heat shock proteins
that are upregulated during heat stress or toxic chemical exposure. These types of proteins also
stabilize half-folded transmembrane proteins as they reach their final location (Luders et al.,
2000). The CDC48_N is an N-terminal domain that functions in prevention of protein
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aggregation and catalyzes refolding of substrates (Coles et al., 1999). Tyrosine kinase domaincontaining proteins function in signal transduction and controlling localization in the cell (Radha
et al., 1996). The VirB2 family transporter is especially interesting domain to find in the plant as
that is directly involved in A. tumefaciens infection of the plant (Hwang and Gelvin, 2004).

The LRR, low complexity regions, and the transmembrane domains appear equally in both high
and low attachment mutants. The high attachment mutants’ affected proteins had the VirB2
interacting, leucine-rich repeat (LRR), CDC48 and fasciclin, while the low attachment mutants
had the LRR, kinase, extensin and heat shock protein domains. The SALK_094400C and
SALK_040891C mutants specifically have the insertions in the genes that code for LRX proteins,
which have a leucine-rich repeat domain and a proline rich extensin domain.
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Table 8.1: Bioinformatics domain analysis of the attachment mutants.
Table 8.1 shows the domain analysis of attachment mutants isolated through microscopy with
orange being high attachment and green low attachment. The mutants in white are wildtype
attachment but have some morphological differences. Domain analysis was done with SMART
domain, CDD and Pfam and the function, location and name come from the TAIR database.
There are several different domains represented but the leucine-rich repeat domain is more
common.
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Figure 8.2: Functional domains in attachment proteins.

The domain analysis list of proteins that showed low and high attachment phenotypes showed
the following domains. Leucine-rich repeat domain (LRRNT2) is present in but other LRR
domains are only in the low attachment set.

Leucine-rich repeat (LRR) family domain analysis

One of the prominent domains in the attachment mutants is the LRR domain family. Of the 20
mutants showing an attachment phenotype different from the wildtype, six contain this domain.
LRR family domains have 20 – 29 residue motif repeats present in proteins with diverse
functions. They provide structural framework for protein-protein interaction and protein
recognition. LRR domains occur in all kingdoms from viruses to eukaryotes. They are
commonly found in glycoproteins present in the extracellular matrix of the cell. LRR domain
containing proteins have been shown to be involved in signal transduction, cell adhesion, disease
resistance, apoptosis, immune response, recombination, transcription, and protein processing
(Kobe et al., 2001).
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The LRR family domain that is present in the proteins of interest is most similar to the 4mn8
PDB domain of flagellin sensitive 2 (FS2) domains according to BLAST search. FS2 functions
in identifying flagellin around the Arabidopsis cell (Sun et al., 2013). This is likely part of the
pathogen identification and defense system in plants as bacterial pathogens such as A.
tumefaciens have flagella. FS2 also interacts with brassinosteroid insensitive associated kinase 1
(BAK1). This binds flagella and is associated with a kinase could be a primary attachment factor
for the bacteria via their flagella and then trigger either further attachment or defense. In
microscopy the insertion mutant SALK_040891C shows increased clumping of A. tumefaciens
around the roots and root hairs. This clumping might be occurring because of SALK_040891C
releasing something that binds together bacterial flagella, tangling them up but not allowing them
to attach to the plant.

Leucine-rich repeat extensin (LRX) domain family analysis.

The LRX family comprises eleven genes that contain short N-terminus domain that can contain a
transmembrane domain with or without a signal sequence, a central LRR domain, and a variable
C-terminus proline-rich extensin domain. The N-terminus and the LRR domain are conserved
(Bayer et al., 2006). The proteins of interest LRX3 and LRX6 are localized to the cell wall, as
are possibly the other known LRX family proteins. LRX family proteins are associated with
protein-protein interaction and cell wall expansion (Baumberger et al., 2001). The C-terminus
extensin domain is a proline-rich region that can be very short, but ranges from 9 to 11 repeats of
differing lengths. The alignment of this domain is most likely difficult because it has frequent
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insertion or deletion of repeats. The characteristic motif of this extensin is S (P) 4 – n, which is a
target sequence for hydroxylation of the proline residue (Estevez et al., 2006).

Most of LRX family proteins are Type II membrane proteins, except LRX 1 and 2 which appear
to be completely extracellular. (Table 8.3) Type II membrane proteins have a short N-terminal
signal peptide that is in the cytosol, then a transmembrane domain, with the rest of the protein
being extracellular. The extracellular portion of the protein is modified with hydroxyprolines in
the extensin region and glycosylation in the second half of the protein.

The LRX family was likely created by gene duplication or polyploidy, which is common in
Arabidopsis. The presence of both LRR domain and an extensin domain defines the LRX family.
These domains may implicate the LRX family in protein-protein interaction at the cell wall and
in signal transduction that includes pathogen recognition and defense (Table 8.4). The LRR
domain in the LRX family is highly conserved, especially the surface exposed residues (Figure
8.5). The first α-helix in LRX6 appears to be truncated or missing and LRX3 has a longer
extensin domain (Baumberger et al., 2003). The phylogeny for the LRX proteins overall and the
LRR domain is similar (Figures 8.6 and 8.7).
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Table 8.3: Analysis of known LRX proteins for which Arabidopsis genes and sequences are
available.
Table 8.3 shows the seven of the eleven LRX proteins that have known gene and putative protein
sequences. These were analyzed for leucine-rich repeats in the LRR domain and proline-rich
repeats in the extensin domain. In addition the proteins were tested using LRRfinder, PSORT
and TMHMM for transmembrane domain and signal peptide presence and location.
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Table 8.4: LRX family domain and protein similarity analysis
Table 8.4 shows the LRX protein analysis for domains present and similarity to known proteins
and conserved domains with Prosite, Pfam, SMART, CDD, CDD conserved domain and CDart
online analysis tools. All of the proteins show the LRR_8 domain and most have the LRRNT_2.
The SMART analysis showed low complexity regions in the area of the extensin section.
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Figure 8.5: Multiple sequence alignment (MSA) of the proteins in LRX family.

Figure 8.5 shows that the LRR domain in all the LRX proteins is conserved. The LRX extensin
domain has some conserved residues but overall it is highly variable. The defining feature of it is
the proline-rich repeats. The MSA was performed using Clustal Omega and visualized with Gene
Doc.
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Figure 8.6: LRX protein phylogenetic tree.

Figure 8.6 shows seven of the eleven known LRX proteins for which protein sequences are
available. LRX3 and 4, and LRX1 and 2 are closest homologs with each other and other proteins
are a further distance in sequence homology.

Figure 8.7: LRR Domain of LRX protein family phylogenetic tree

Figure 8.7 shows a similar relationship to the overall LRX protein phylogeny with LRX1 and 2
and LRX 3 and 4 being the closest in sequence and LRX7 having the most difference.

Leucine-rich repeat homology and sequence analysis.

The LRR region of all of the LRX family proteins is highly conserved. This domain in LRX
proteins has closest similarity to LRRNT2 and LRR_8 domains (Table 8.4). Both of these
domains are structurally very similar and form a partial α/β horseshoe shape. This structural fold
is common to many unrelated proteins, but the common theme in these proteins is that they
participate in protein-protein interaction. Some of these proteins bind pathogens as part of
immune targeting in mammalian cells. The secondary structure showed similarity to the
Flagellin-sensitive 2 protein (FS2; PDB ID: 4MN8) (Sun et al., 2013) which has a twist in the
horseshoe fold (Figure 8.9). Modeling this protein with Swiss Model, HHpred and LOOPP has
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shown that the domain seen in LRX is appears to be half the length of the full horseshoe. It has a
hydrophobic core and some hydrophobic sections in the inner curve of the partial horseshoe
(Figure 8.10). The LOOPP model had overall the lowest verify3D score, while the ProSA, plots
suggest that the models that are all within the range of scores for similar proteins. All the models
showed neutral to negative knowledge based energies. The overall ProSA z-scores are negative
denoting a good model. (Figure 8.10) The model was compared to the 4MN8 model confidence
as well. The z-scores are higher for the LRX models compared to the 4MN8, so further modeling
with combination of several known LRR proteins together would be helpful. The 4MN8 has only
33% identity to the LRR domain in the LRX proteins and this is the closest template of the
available models.

Figure 8.8: LRR domain of LRX proteins secondary structure

Figure 8.8 shows the secondary structure analysis of the LRX LRR domain and the 4MN8 PBD
comparison sequence which is closest to the LRR_8 domain that as it has the greatest homology
to all of the LRX protein LRR domains. The LRX LRR domain is slightly shorter than the PDB
template but the structure is otherwise very similar.
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Figure 8.9: Flagellin-sensitive 2 (FS2) PDB template 4MN8 on which the models were based.

Model of the 4MN8 PDB template visualized in Pymol shows a twist and a secondary chain
attached in mid twist.
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Figure 8.10: LRR domain modeling for LRX multiple sequence alignment focusing on LRX3.
The domains modeled with Swiss model, LOOPP and HHPRED and compared for concensus.

SWISS MODEL

Fig 8.10-1 a: Model Showing Secondary Structure. Fig 8.10-1b: Model with Hydrophobic
Residues in Blue and Hydrophilic Residues in Orange.

SWISS MODEL CONFIDENCE

Fig8.10 -1c: Verify 3d-1d Profile Scores. Fig8.10-1d: ProSA Sequence Position Scores. Fig
8.10-1e: ProSA Z-Score Plot
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HHPRED MODEL

Fig 8.10-2a: Model Showing Secondary Structure. Fig 8.10-2b: Model with Hydrophobic
Residues in Blue and Hydrophilic Residues in Orange.

HHPRED MODEL CONFIDENCE

Fig 8.10-2c: Verify 3d-1d Profile Scores. Fig8.10-2d: ProSA Sequence Position Scores. Fig 8.102e: ProSA Z-Score Plot
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LOOPP MODEL

Fig 8.10-3a: Model Showing Secondary Structure. Fig 8.10-3b Model with Hydrophobic
Residues in Blue and Hydrophilic Residues in Orange.

LOOPP MODEL CONFIDENCE

Fig 8.10-3c: Verify 3d-1d Profile Scores. Fig 8.10-3d: ProSA Sequence Position Scores. Fig
8.10-3e: ProSA Z-Score Plot
All models in Figure 8.8 show a similar structure of a section of the horseshoe that is typical for
leucine-rich repeat proteins LRR_8.
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Swiss
LOOPP HHPred Prot

4MN8

Fig 8.10-4: All models
average Z-score from
ProSA and averaged
average 3d-1d score
from Verify 3d

ProSA Z
Score
-4.52
-4.39 -4.64 -11.13
Verify3D 0.384
0.421 0.500
0.428
Average
All the models in Figure 8.10 produces similar shaped results and verification scores. For the
LRX LRR domain model the LOOPP model had overall the lowest verify3D score which means
the folding in this model is the least favorable of the three. ProSA which compares between the
primary structures based on energetic placement of residues shows plots the models that are all
within the range of scores for similar proteins. All the models showed neutral to negative
interaction energy between residues. The overall ProSA z-scores are negative denoting a good
mode but they are much higher than the 4MN8 template, which is the closest domain match at
33% identity.

Proline-rich extensin repeat analysis.

According to similarity to known proteins, the possible function of LRX proteins is in regulation
of cell wall formation, morphogenesis, and growth polarization (UniProt). This protein localizes
to the cell wall and is secreted outside the cell membrane (Bayer et al., 2006). It is expressed in
the vascular tissue of the whole plant (Baumburger et al., 2003). By functional residue sequence
analysis, it has been determined that LRX proteins are post-translationally modified in the
proline-rich extensin region by hydroxylation of the prolines in the S-P-P-P-P repeat and then Oglycosylated on the hydroxyprolines (UniProt).

Secondary structure analysis of the LRX proline-rich area showed three types of extensin domain.
LRX proteins containing a longer extensin domain showed no secondary structure for most of
the domain, as seen in LRX 1-3 and 5. LRX4 appeared to have a slightly more complex structure
with some extended strands and LRX7 showed a couple of possible turns. Finally LRX6 shows
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both an α-helix and extended strand in the predicted secondary structure. (Figure 8.11) This
secondary structure analysis suggests that the longer LRX proteins either have a structure that is
not yet categorized or function as long strands without any additional secondary or tertiary
structure. A further analysis would be needed to determine this possible structure by comparison
with other extensins. The structure is likely determined by interactions between sequences that
are post-translationally modified to include hydroxylation and glycocylation. They might provide
a lattice to be bound to by other proteins at the cell wall. The shorter LRX proteins might have
active binding functions, possibly holding together the lattice made by the LRX 1-3 and 5. The
phylogeny of this part of the protein is a bit different with LRX6 and LRX7 showing to have
higher similarity than for the whole protein (Figure 8.12). Extensin proteins usually have
secondary structures that are not detected by prediction programs and instead depend on
hydroxyproline and sugar linkages (Schnabelrauch et al., 1996; Jackson et al., 2001; Price et al.,
2003; Cannon et al., 2008; Lamport et al., 2011).

Figure: 8.11: LRX protein extensin domain secondary structure.

Figure 8.11 shows that there are two main types of extensin domain in LRX proteins, long and
simple in structure or short and more complex as shown by secondary structure analysis. Overall
there are very few structural elements in the extensin domains, LRX6 (C) having the most.
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Figure 8.12: LRX protein Extensin domain phylogenetic tree

Figure 8.12 shows that similar to the previous phylogenetic trees of the overall protein and the
LRR domain the LRX1 and 2, and LRX3 and 4 are similar in sequence. In addition the extensin
domain of LRX6 and 7 is very similar as well. Instead of LRX7 having the greatest difference in
sequence it is LRX5 extensin domain.

Analysis of functional residues
(1) Hydroxy proline (Hyp)
The extensin domain is hydroxylated on select proline residues according to the S-P-P-P-P
sequence. This domain is likely a structural one that interacts with the cellulose fibers of the cell
wall. It may give both rigidity and flexibility to the cell wall, depending on its state, and whether
it is soluble or not (Bayer et al., 2006). This state likely depends on the conformation and binding
modifications. Hyp containing residues cross link with other Hyp proteins (Schnabelrauch et al.,
1996; Jackson et al., 2001; Price et al., 2003; Cannon et al., 2008; Lamport et al., 2011). The
extensin strands probably act similar to collagen in animal cells in providing a lattice structure in
interlinking with the cellulose fibers, pectin, and other extensin proteins in the cell wall to weave
the shape of the cell wall (Valentin et al., 2010; Cannon et al., 2008; Lamport et al., 2011).
Releasing this binding temporarily allows the cell wall to expand and locking it aids in producing
rigidity of the cell wall.
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(2) Glycosylation
The glycosylation in this family occurs mostly in the central and the C-terminus regions.
Additionally the hydroxyproline-modified residues that occur in the extensin region are
glycosylated. Almost all glycosylated proteins are extracellular. Glycosylation helps in
maintaining or producing the protein conformation and functions in cell-cell binding, including
binding of sugars (Wormald et al., 2002). Sugar binding is especially of note in the LRX family,
as it is associated with cellulose structure of the cell wall. Most common sugar involved in
extensin glycosylation is arabinose which is bound by O-glycosylation (Hijazi et al., 2014,
Velasquez et al., 2011; Ogawa-Ohnishi et al., 2013).

Possible function
There are eleven extensins possibly forming the lattice in the cells wall (Baumburger et al.,
2003). In SALK_040891C the LRX6 is likely missing in this formation. This mutation appears
to cause the release of something from the plant into the liquid surrounding the plant. This
released substance increases A. tumefaciens to clumping as shown in chapter 6. This could mean
that LRX6 is inhibiting something from being secreted or holding whatever is being released
from the cell. As the A. tumefaciens cells clump anyway, it is possible that whatever is released
from the plant cell is one of the attachment factors with which the bacterial cells interact. It is
likely not the only possible attachment factor as the cells still bind to the plant as well, but that
binding is weaker as shown in the qPCR chapter (5).
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SALK_0040891C (LRX6) and SALK_094400C (LRX3) mutant analysis

Leucine-rich repeat and extensin sequence comparison
The LRR repeat for both proteins is conserved and acts the same as in the other LRX proteins.
The proline-rich extensin domain region is highly variable in this family. The LRX6 protein has
a very short proline-rich repeat sequence compared to LRX3, which is longer by several hundred
residues (Figure 8.13). As these extensin domains vary in length, the function of them probably
differs. Extensins form a network with the cellulose or pectin by interlinking and forming a
lattice (Bayer et al., 2006). This is probably easier to do with a longer domain that can reach
across several cellulose strands to form this lattice and LRX3 might have this function. The
LRX6 extensin domain is short and may have other functions in the structure, such as providing
shorter cross bonds as reinforcement to the network, or controlling the flexibility of the lattice for
times of cell expansion or when extra rigidity of the cell wall is needed. As extensins tend to
interlink at Hyp containing regions this extensin- extensin interaction is very likely.

Location of T-DNA insertion
The T-DNA insertion in both of the mutants occurs in the first two-thirds of the protein, blocking
out all of the signal sequence, transmembrane domain and the LRR region (TAIR). The insertion
occurs in the same spot for both mutants, most likely because of homology between the proteins
in this region and sequence similarity to a portion of the T-DNA, which inserts at random in to
the location by homologous recombination or at break sites depending on proximity of the TDNA to the site. The extensin regions are not affected by the insertion itself but without the
transcription signal for the genes, they are likely not transcribed at all. The mutations are
nonsense mutations producing a stop codon signal within the first few codons and thus are full
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knockouts of the genes and proteins. If the extensin region were transcribed and translated, then
it would still be missing the signal for transport outside the cell. It would probably either remain
in the endoplasmic reticulum or be released into the cytoplasm where it would be degraded
(Figure 8.13).

Other domains from mutants of interest.
Other than the LRR and the proline-rich extensin domains, only the transmembrane domain has
been identified in some of the LRX proteins including LRX3 and LRX6 (Table 8.4).

Figure 8.13: Protein layout of LRX3 and LRX6 and location of the T-DNA insertion in the
SALK mutants.
Figure 8.13 shows that both
proteins have an N-terminal
transmembrane domain, a
central conserved leucine-rich
repeat domain, and C-terminal
proline-rich extensin domain.
The length difference between
the two proteins comes from
the extensin domain. The LRX6
extensin domain is 300 AA
shorter. The location of T-DNA
insertion in the proteins was
tested by the SALK institute
after insertion (Alonso, et al.,
2003). The T-DNA inserted
into the genome in the opposite
direction of the gene blocking
out the upstream two-thirds of
the gene in both cases. Only the
proline-rich section and part of
the low-complexity region are
not affected by the insertion
directly. The lack of the signals
for transcription and any
possible start codon means
neither gene produces a product
longer than a few amino acids.
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Discussion
From sequence analysis, high attachment mutants appear to have the mutations in cell proteome
regulation genes. The proteins associated with these stabilize proteins and prevent agglutination.
The removal of these genes could be the cause of higher agglutination and thus possibly increase
binding. Low attachments mutants seem to have mutations in genes that have the LRR, kinase,
extensin and heat shock protein domains as well as low complexity regions, while the high
attachment proteins have LRR, fasciclin, CDC48 and VirB2 transporter domains. The LRR
domain and low complexity regions work in protein-protein interactions, which when removed,
might be stopping a signal or pathway for attachment or part of the attachment protein itself. The
fasciclin domain is found in ancient adhesins and these might be actual attachment factors that
bind to bacterial cells.

The LRX proteins that have both the LRR and a proline-rich extensin domain are localized to the
cell wall where attachment occurs, as well as predicted to work in protein-protein interaction and
pathogen response (Bayer et al., 2006). These also function in providing cell wall stability and a
signaling framework within the cell wall. The LRX3 SALK_094400C insertion mutant shows
that the removal of this protein function caused a reduction in attachment. This may mean that
the associated gene is necessary for attachment either as a binding substrate for bacterial
adhesins or as part of a pathway needed for attachment. The A. tumefaciens adhesins could be
targeting the extensin domain as a binding substrate or bind the LRR domain to initiate signaling
that begins the infection process.
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The LRX6 SALK_040891C microscopy shows very high attachment with release of a clumping
factor that causes the bacteria to bind to each other. This protein might be normally involved in
holding, or binding to the cell wall, but in the mutant is being released inhibiting binding at the
cell wall it in some way. Extensins normally interact with pectin and cellulose in addition to
binding other extensins. The lack of this protein may compromise the cross linking required to
keep another extensin or a cell wall carbohydrate in place, thereby releasing it into the media.
Both of these mutants are likely involved in A. tumefaciens attachment but it is not known yet
whether directly or indirectly.

From the LRX family analysis, the LRR section of the protein is probably a protein binding
domain that binds both signal molecules and possibly pathogens such as A. tumefaciens. This
signaling could be involved in activating or facilitating the transport and localization of
attachment receptors in the plants. The extensin domain functions in cell wall structure,
appearing to form a lattice onto which the carbohydrate fibers such as cellulose and pectin. There
seem to be two types of LRX extensin. The longer ones have a mostly linear structure and are
possibly structural elements that form the cell wall lattice. The shorter LRX proteins have shorter
but more structurally complex extensin domains according to standard analysis methods. These
possibly secure the longer LRX protein strands together and function in holding and releasing
them as the cell wall structure expands or changes. These shorter LRX proteins are more likely
to control the shape of the cell wall matrix. As these LRX proteins are shown to have a
transmembrane domain, they may be cleaved in a signal not yet detected and sent into the cell
wall matrix to help the attachment. The other possibility is that they support and crosslink with
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extensins coming out of the cell wall matrix into the periplasm and help hold the cell wall
structure bound to the cell membrane.

Summary and General Discussion
Agrobacterium tumefaciens attachment to plants has been largely qualitatively observed with
microscopy in previous studies (Matthysse et al., 1993, 1994). Most of the work on attachment
has been done on the A. tumefaciens side of the interaction but so far very little research has been
done on the plant-side of the attachment mechanism. The quantitative analysis that has been
widely used previously is the plate colony count method (Matthysse, 1995). An attempt to use
this method in this study showed too much variation and low readings likely because A.
tumefaciens cells can clump together easily. As a result, colonies grow from several cells rather
than from just one cell so you cannot tell if a colony started with one cell or twenty. This method
of testing is also comparatively labor-intensive and material demanding. The transformation
assay does not measure attachment itself. It measures the amount of transient or stable
integration in the plant cells and may have different results. The effect depends on where in the
infection process the mutation causes an effect. Attachment occurs at the extracellular matrix, the
cell wall, the cell membrane and mutations affecting those areas could affect the attachment as
well. Some plants that have inhibited transformation may show wild type attachment if the
mutation affects the DNA transport or integration mechanisms.

In this study the flow cytometry method was attempted first to see if the cells could be counted
easier and faster. Unfortunately this ran into two problems: the stickiness of the cells gave a
confusing range of results and the bacterial cells were not far enough from the debris in the
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sensitivity range of the equipment. In addition the plant debris had the same green and red
fluorescence as the stains. Perhaps another flow cytometer model that was more focused on a
smaller size of sample would produce better results but the problem of autofluorescent debris and
the cell clumping would still need to be addressed. While still working with flow cytometry, to
reduce the problem of bacterial size and produce a more targeted attachment assay, the A.
tumefaciens cells were bound to coated beads. Bead binding didn’t work, as several beads bound
a single bacterium, while others bound to huge clumps of bacterial cells making, it difficult to
assess the bacterial binding. The plate colony assay was attempted as well, and we had the issue
of clumping and large variation in colony numbers as stated earlier. The crystal violet 96-well
plate attachment assays didn’t show enough differentiation in measurement to be useful as the
sensitivity was low compared to the background binding and the dynamic range was not good.
Several binding blockers, such as BSA and milk, to prevent A. tumefaciens cells from binding to
the plastic were tried. No blocker worked in reducing the attachment to give a negative control or
focus binding on the plant cell wall extract. A. tumefaciens bound relatively equally to all
substrates. All of these methods use the whole bacterial cell with the cell wall intact. As these
bacteria show strong adhesion to materials and to each other, it’s hard to know whether one cell
is being measured or several. To address this issue, PCR was used to reduce involvement of the
bacterial outer envelope including the cell wall and the cell membrane, from the measurement.
The first trial was done with whole-cell PCR, but the template volume loading variation was not
controlled and the resulting values were too variable. For the final data Taqman hydrolysis probe
qPCR with an internal control was chosen. For that, DNA extraction was done to remove the
clumping from the equation in addition to any cell components that would inhibit the hydrolysis
probe. That way cells could be measured based on gene copy number by qPCR.
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Microscopy was used as a preliminary screen to identify and analyze qualitatively mutants that
showed visible attachment phenotypes different from the wild type plant, along with detecting
other visible root phenotypes. It was done using a modified attachment method previously
published by Matthysse et al. to match the qPCR protocol for timing and stained for better
visibility (1994). This screening revealed several low and high-attachment mutants and a couple
of mutants with root phenotypes that have not been previously described in TAIR. The
microscopy showed A. tumefaciens C58 binding wild type Arabidopsis thaliana Columbia-0 in
comparison to plant mutants. Several low-attachment mutants identified had visibly lower
attachment on the root hairs than wild type, while some had no visible attachment at all. These
were SALK_023296C, SALK_094400C, SALK_054459C, SALK_139382C, SALK_003940C,
SALK_013968C and SALK_107941C. Some high-attachment mutants, SALK_040891C,
SALK_056725C, SALK_0805076C and SALK_023524C, were identified as well and these
showed either higher amounts of distributed binding all over the root or large clumps loosely
attached around the root hairs.

The mutants showing attachment variation were then measured with qPCR, which was designed
to provide a more quantitative measurement of attachment and help further the analysis of the
mutant plants. This method is less labor intensive than the previous ones, requires less material, a
smaller sample amount, and can be finished in the same day as the inoculation of the plant. The
total time starting with grown roots and liquid culture is about 5-6 hours, which can be done in a
single workday. The fluorescence reading of the real-time qPCR setup produced results, which
can then be plugged in to a simple calculation and a standard curve to get cell equivalent
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concentration values. The use of kits makes this more efficient so a smaller sample amount can
be run to get a good, repeatable and reproducible result.

The qPCR showed definite attachment mutants such as SALK_092212C and SALK_107941C
being higher than wildtype and SALK_040891C, SALK_094400C, SALK_003940C, CS321385,
SALK_101062C, SALK_023296C and SALK_085076C were lower. Of these SALK_094400C,
SALK_003940C, CS321385, SALK_101062C, SALK_023296C were low in both microscopy
and qPCR this agreement marks them as low attachment mutants. SALK_092212C and
SALK_107941C were average and low respectively in microscopy while high in qPCR. Finally
SALK_040891C and SALK_085076C measured much lower in qPCR than observed in
microscopy. This difference can be attributed to the types of attachment involved and the
limitations of both methods. Microscopy does not show all the cells at once, an evenly spread out
and sparse binding of A. tumefaciens can look like lower than average binding compared to
grouped cells (Figure 9.10 left). While the qPCR requires more manipulation during which
loosely bound cells are removed, possibly reducing the ability to measure loosely bound cells.
This difference helped give insight to the type of attachment that is present in the sample.
Several of the high-attachment mutants by microscopy, such as SALK_040891C and
SALK_085076C, showed a low reading on the qPCR (Figure 9.10 right). The mutants that
produced large clumps near the root were especially likely to have this result. This may suggest
that the binding to the plant in these mutants is loose and transient. The preparation for the DNA
extraction removes anything that is loosely bound to the roots, including these clumps, making
the qPCR detection appear low. Conversely, some of the low-attachment mutants showed to be
wild type or even higher attachment, according to microscopy. This method of analysis catches

136

all of these cells and shows the total amount bound, making the attachment value higher. The
comparison between the two methods together yields more information on A. tumefaciens
attachment than either one separately.

Figure 9.1: Attachment types other than wild type observed.
left side model shows low
binding mutants that have less
binding and less A. tumefaciens
cells associated with the root
segments. The right side model
shows a high clumping
interaction between the bacterial
cells and weak interaction with
the root segment. This is seen in
low attachment but high
clumping mutants. This shows
two different types of low
attachment.

Attachment that was different in form from the wildtype
showed up as low (left) or high (right) in microscopy. The

In addition to the attachment measurement, the tumor transformation assay was used to see if
transformation was affected in any of the mutants. The tumor assay showed high transformation
mutants SALK_073433C, SALK_089247C and SALK_089016C; and low transformation
mutants SALK_117268, SALK_040891C, SALK_094400C, SALK_092212C, and
SALK_101062C. Two of these SALK_101062C/rat1 and SALK_117268/rat3 were predicted to
be lower transformation in a previous study and out work agreed with that (Nam et al., 1999)

Of these mutants none that had high-attachment in microcopy had high transformation. The two
high transformation mutants showed average attachment amounts in microscopy suggesting a
higher than wildtype transformation efficiency. The low-attachment mutants selected by
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microscopy had average or low transformation efficiencies. The high clumping mutant
SALK_040891C had a low transformation efficiency.

To see what may be involved in the attachment process of the mutants, the affected gene and
protein sequence of all of the plant mutants that showed attachment deviation, were analyzed
with bioinformatics methods. The chosen mutants were originally selected from the TAIR
database by their location and possible function. Only the mutants that showed attachment
deviation were then analyzed further for possible protein function based on their domains. This
information could help determine how these proteins might function within the cells and how
they may function in the process of A. tumefaciens attachment.

Two of the mutants that showed low attachment are in the leucine-rich extensin (LRX) family.
This family forms the structural backbone of the cell wall in a similar way to collagen in animal
cells (Bayer, et al., 2006). LRX proteins are chimeric with an LRR and an extensin domain
functioning together. The LRR domain participates in signaling and protein binding while the
extensins main function is as both a structural element and facilitates signaling in the cell wall as
well though other domains it’s associate with (Lamport and Epstein 1983, Vidhyasekaran, 1999).
The removal of some of these genes causes germination problems or stunted growth (Alonso, et
al., 2003). The LRX mutants analyzed in this study did not show a growth phenotype, but they
did show attachment phenotypes. Modeling of the known domains of this family showed that the
leucine-rich repeat area could be acting as a binding site for structure or signaling in the
hydrophobic inner curve of it’s partial horseshoe shape. The extensin domain of this family is
highly variable and no homologous protein structure has been found with BLAST outside this

138

family. The secondary structure appeared to be very simple in the extensin region according to
the secondary sequence analysis software. Previous research suggests that the structure of this
extensin is more complex but in ways that are not sensed by this software. It is modified with
hydroxyprolines and glycosylation, making it a glycoprotein (Hijazi et al., 2011). These
modifications facilitate cross linking within and with other extensin proteins, forming a more
complex fold structure than the software suggests.

Analysis of Arabidopsis thaliana mutants for A. tumefaciens C58 attachment showed that there
may be several types of attachment in the plant (Matthysse, 2014). In the analysis two types were
observed; a transient attachment or clumping around the cell and more permanent tighter
attachment. The removal of function of certain genes from the plant appears to cause more of
one attachment or the other, while some attachment appears to be eliminated completely, as seen
in the attachment analysis shown by microscopy and qPCR (Table 5.9). Attachment is not the
same as transformation since they occur in different stages of the crown gall infection process.
The low attachment mutants could still cause transformation and a high attachment mutant could
have low transformation percentages, as seen in the SALK_092212C which has wildtype
attachment but low transformation and shown before with the ExoR A. tumefaciens mutant that
is deficient in biofilm formation but can still transform the plant (Tomlinson, et al., 2010).

Identification of the genes and proteins functioning in attachment can help further study
mechanism of interaction of A. tumefaciens with Arabidopsis thaliana and other plants. This
could possibly expand the annotation on the Arabidopsis genome as many of the genes are still
labeled as putative since they have been chosen through computer analysis, not bench work.
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Such information would be especially important in agricultural research of finding proteins that
A. tumefaciens binds to, as blockers could be found and might be used commercially to prevent
infection, or re-infection in that area of the soil. High transformation mutants might be useful in
transgenic study as models because they may make it easier to manipulate the plant genome.
Fewer materials would then be needed for the same rate of transformation.

One of the LRX family insertion mutants SALK_040891C that corresponds to an insertion in the
lrx6 gene was selected for further biological analysis. It produced the greatest amount of loose
clumping around the root hairs in microscopy but had much lower qPCR results. This may
suggest that it causes loose binding to the roots and strong binding with other A. tumefaciens
cells. If that is happening then the mutant plant may be releasing something that causes this
clumping to occur. This was shown when water that was conditioned with SALK_040891C roots
was introduced to A. tumefaciens C58 and caused the same type of clumping as occurs around
the roots of that mutant. The released substance appears to be different in either content or
concentration of components from the wild type and seems to contain at least both protein and
carbohydrate components based on preliminary native PAGE and anthrone analysis. This
preliminary analysis has so far been qualitative and partially inconclusive. More work in later
studies would need to be done to determine what may be happening. Other loosely bound highattachment mutants might be releasing similar substances to produce this phenotype.

There appear to be multiple types of attachment interaction between the plant and A. tumefaciens
C58. Multiple methods are needed to analyze the type of attachment that could be happening.
While other quantitative methods have proven inconclusive, the new qPCR method is a faster
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and valuable tool to aid with this analysis. The qPCR along with microscopy, tumor assay and
bioinformatics help build a more comprehensive model for attachment analysis in both crown
gall disease and other plant-bacterial interactions such as in other Rhizobium species. In addition
it might help study adhesion of pathogens to other tissue, including human pathogens. There may
be some plant gene homologs, in sequence or structure that could be present in other species and
provide binding sites to for pathogens.

The LRX family functions similar to animal collagen in the plant so analysis of it could possibly
bring further insight to collagen and fibrillin matrix form and function as well. The LRX3 and
LRX6 proteins are the proteins affected in the two mutants in this study. The
SALK_094400C/lrx3 and SALK_040891C/lrx6 come from the two different length sets in the
LRX family. The LRX6 is much shorter than LRX3 and likely having a different function with
the cell wall lattice. Extensins bind both other extensins and cell wall carbohydrates, especially
cellulose and pectin. They help in reducing solubility and increasing rigidity in the cell wall, in
addition to helping in signaling. As both LRX3 and LRX6 have a transmembrane domain they
are either anchored in the membrane or have a cleavage sequence on the C-terminus section of
the transmembrane domain that is yet unidentified. If they have this cleavage signal then they
would likely be within the cell wall lattice anchoring the carbohydrates and other extensins
together. If they are attached to the cell membrane then they probably anchor the extensins
binding the cell wall together and help in the signaling process. Of the LRX proteins, LRX2 does
not have a transmembrane domain. This it is secreted according to its signal sequence and is
inside the cell wall itself. The LRX3 and LRX6 could help in anchoring LRX2 to the membrane
(Figure 9.2).
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Figure 9.2: LRX lattice cross linking interaction model.
Model of the lattice with
possible LRX proteins
holding the cellulose
together and cross linking
with the shorter LRX
proteins (Baumberger et al.,
2003, Bayer et al., 2006)

The methods of analysis used in these studies have identified several novel A. thaliana
attachment mutants, but importantly, these analysis methods are broadly applicable to other plant
systems and bacterial pathogens. Other rhizobiaceae species, such as Sinorhizobium sp., could be
checked for binding to plant roots. If a DNA extraction method that breaks open plant cells is
used, then nodule concentrations of bacteria can be analyzed with the qPCR as well. Showing
comparative concentrations of bacterial cells bound to host cells has a wide area of application. It
is best for controlled inoculation experiments where inoculation is done with a pure culture. If
extra preparation ensures that the primers and the hydrolysis probe are specific and there are not
other possible binding sites, then this can be done with environmental samples as well.
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Conclusion
The search for novel attachment factors produced several new insights into attachment of
Agrobacterium tumefaciens to Arabidopsis thaliana. A. tumefaciens has been shown to attach
using multiple methods (Matthysse, 2014), but this study backed this up with plant mutant data.
Of the selected mutants, nine showed a variation from the wild type in microscopy and most of
these showed this variation with qPCR. Of the nine mutants, seven are low attachment,
suggesting that most of the mutations in attachment will affect the binding detrimentally in some
way. Several mutants that showed the highest attachment in microscopy ended up being low
attachment in qPCR; as seen in the detailed analysis of SALK_040891C, this is closer to
transient attachment or loose clumping around the cells instead of actual attachment. The
interaction of these mutant plants with the bacterium increases bacterial cell clumping through a
release of a clumping factor, rather than binding to the plant host. This gives us two different
types of low attachment mutants. Ones that just allow less cells to bind and others that draw the
A. tumefaciens to the root segments but cause them to clump instead of binding to the plant tissue.
Indeed, the SALK_040891C mutant showed low transformation because the cells did not bind
securely enough to the plant to show significant attachment as seen in the qPCR assay. In other
cases, some of the lower attachment mutants still had detectable attachment using qPCR. This
supports that more than one factor is involved in attachment, as the attachment is lowered but not
completely absent. It may be changed to facilitate more attachment in other plant tissues with
binding factors in the most visible areas, such as root hairs, being affected by the mutation and
not available as an attachment receptor. A further analysis with these methods of mutants with
genes similar to ones identified would be helpful in more deeply understanding what types of
proteins are required for A. tumefaciens attachment.
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In the two highest attachment mutants, as viewed by microscopy, a clumping factor was released
that caused A. tumefaciens cells to clump together. This released substance likely contains one or
several attachment factors that have been detached from the plant cells. These would most likely
be protein base, carbohydrate based or a combination of both, considering the content of the
plant extracellular matrix and the cell wall. The bacteria then bind to these factors instead of the
plant itself. Considering the magnitude of the clumping as compared to the wildtype, this factor
could be one of the stronger attachment targets on the plant cell. The rhicadhesin receptor itself
or something similar to it are candidates for this factor’s identity. Calcium binding reduction
tests would help determine this in a future study (Smit et al., 1991; Swart et al., 1994). In
addition further analysis of the released substance to identify the protein and carbohydrate
content and concentrations could be done to help determine what is being released.

During the study we identified two LRX family mutants, and further analysis showed that this
protein family possesses unusual sequence and structure. It is a chimeric extensin with a leucinerich repeat domain. The extensin domain did not have similarity to any other currently known
protein sequence and is highly variable even within the family. Its hypothesized function is much
like collagen in animal cells, which is similarly proline rich (Bayer et al., 2006). The LRX family
helps keep the structure of the cells rigid or flexible as required for plant growth and change.
Analysis of the family showed that there are two sets of LRX proteins: ones with a longer but
simpler extensin domain, and the other with a shorter but more structurally complex domain. The
proteins that contain the longer domain probably help form the lattice connecting the cell wall
cellulose fibrils or pectin. Low complexity regions as well as hydroxyproline- and glycosylation-
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modified sites could provide the binding sites for sugars (Wormald et al., 2002). This lends
rigidity to the cell wall. The shorter extensin domain-containing proteins could be connecting the
longer ones with one another and with other proteins. These could be the hooks or locks keeping
the network of cellulose and extensins together, or releasing them to allow the cell wall to
expand. It would be interesting to compare how this possible network operates compared to
animal collagen, as the functional homology of these could help understand both (Figure 10.1).

Figure 10.1: LRX cross linking model and location of the interaction.

The possible type and location of the LRX protein interaction in the cell is show in the lattice
diagram of the cell wall and an arrow showing where this interaction could be taking place. The
loss for these proteins could show growth defects, cell wall structural defects and loss of some
structural elements in the cells wall.

Within this network there are many other extensins interacting with each other. As most of the
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LRX proteins are membrane bound they may be attaching to the cellulose and pectin from the
closest range to the membrane or cross-linking with other extensins that are holding the
carbohydrate network together. This is the most likely interaction unless the LRX proteins are
cleaved from the transmembrane domain. A truncation mutation removing the transmembrane
domain should show whether the attachment of these proteins to the membrane is required. The
loss for these proteins could show growth defects, cell wall structural defects and loss of some
structural elements in the cells wall. There is some redundancy in the cell wall structure and in
some of the LRX proteins so the effect would vary according to the function of the individual
protein. Cell wall and growth problems are seen in lrx1mutants (Diet et al., 2006).

As the LRX proteins are chimeric they have multiple domains, in this case the LRR, extensin and
transmembrane domains. Both the LRR and extensin domains can function in signaling. To
identify which domain is most important in those interactions, truncation mutations in both
would need to be produced and the mutants then tested for a presentation of the same attachment
phenotype. If there is a phenotype produced then that domain is the necessary one for attachment
interaction with A. tumefaciens. If the LRR domain deletion produces the phenotype then the
involvement of this protein is in signaling considering its close location in the membrane. If the
extensin domain deletion gives the phenotype then the involvement is more likely to be structural
in holding the attachment factor in place or being the attachment factor itself. The second option
is more likely for proteins that are not imbedded in the membrane while the first one is very
likely for proteins such as LRX6. These probably hold other proteins and carbohydrate structures
in place and once removed whatever they cross linked or bound to could be released into the
media and allow clumping to occur.
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The attachment involved factors such as LRX3 and LRX6 have been identified with the new
attachment analysis methods. They also show a lowered transformation indicating a significant
inhibition in the infection process. In addition previously known AGP17/rat1 and AGP18/rat3
results have been reproduced and have been shown to be deficient in attachment as well as
transformation. These two families of proteins are arabinose containing glycoproteins interacting
with the cell wall. It is possible that A. tumefaciens targets arabinose as a binding factor. Further
analysis of mutants in arabinose bound protein families for attachment would be helpful to
understand this in addition to testing A. tumefaciens for binding preference to arabinose.
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